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ABSTRACT
Revised Glacial Margins and Wisconsin Meltwater Paleoflood Hydrology
in Slippery Rock Creek Basin, central western Pennsylvania
Gary John D’Urso
Glacial margins mapped in Slippery Rock Creek basin during the 1950s are
problematic. The number of sedimentological, mineralogical, petrological, and
textural analyses used to distinguish glacial drifts in the southern portion of the
basin were inadequate to resolve the margins. Furthermore, misidentification of
man-made deposits as glacial drift led to erroneous interpretations regarding the
extent and character of pre-Wisconsin glacial deposits, and appears to have
influenced subsequent soil mapping.
Canadian Shield erratic weathering was the primary tool used in this study
to re-investigate the glacial margins. Erratics display one of three distinctive
weathering rinds, so glacial deposits can be differentiated into three relative age
classes, with rind thickness clusters of <2mm, 3-5 mm, and >6 mm. Similar
weathering rinds have been reported in soils associated with Wisconsin, Illinoian,
and pre-Illinoian stream terraces.
More than 500 locations were examined in order to remap the glacial
margins. Prior to this study, Frank Leverett published the most accurate margins
in 1934. The glacial maximum is Wisconsin in age southwest of West Liberty, but
Illinoian in age northeast of West Liberty. No surface pre-Illinoian glacial deposits
occur in Slippery Rock Creek basin.
HEC-RAS paleoflood models were developed to investigate the role of
proglacial lake outburst flooding in the glacial history of the basin. This study
suggests the proglacial lakes drained slowly rather than by catastrophic dam bursts.
In fact, meltwater discharges may not have exceeded rainfall floods of record.
This research developed a flow competence approach for reconstructing
realistic flow discharges that are more consistent with fluvial deposits. This
approach reduced the magnitude of the maximum potential meltwater flood in
Slippery Rock Creek from 38,000 m3/s (1,300,000 ft3/s) to 380 m3/s (13,000 ft3/s).
Restricting the HEC-RAS flow models by flow competence data should be
considered for any paleoflood that deposited coarse-grained sediments. Another
technique of restricting the HEC-RAS models, using non-inundation surfaces as
proxies for the water surface elevation, reduced modeled discharges in three other
streams by approximately one order of magnitude.

QUAIL
There we were, hungry and scared,
wishing we never had come.
Homes on our backs, dust in our hair,
cursing the day we’d begun.
“Tell me I ask you,” a friend of mine said,
“was it so bad where we were?”
“We didn’t have to come here to be dead,
was what we had so unsure?”
Chorus:
Then the quail came,
falling like dew on the ground.
The quail came,
each evening our food to be found.
Taking our curses and turning them ‘round,
filling our ears with those ungrateful sounds,
unworthy to stand,
I bow down.
There we were, angry and naked,
looking for someone to blame.
Babies were screaming, bodies were aching,
each day was so much the same.
“I tell you people, this journey is crazy,”
I heard someone say in his rage.
“How long will it be ‘til we realize our folly,
and get back to where we were safe?”
(Chorus)
Here we are alone on a desert,
fed dusk to dark, dawn to day.
Every morning we wake, to find just our measure,
of food that we need for the way.
Once we would ask if we could have more,
To see that our future survived,
but we’ve learned now at last, that nothing is sure,
‘cept that at evening the quail will arrive.
(Chorus)
Originally known and copyrighted as "Then the Quail Came"
Music and Lyrics by Michael Kelly Blanchard (Exodus 16)
Gotz Music 1975 ASCAP, All rights reserved. Used by permission.
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Chapter 1
Revised glacial margins in Slippery Rock Creek drainage
basin, central western Pennsylvania.
ABSTRACT
The glacial margins mapped in Slippery Rock Creek basin during the 1950s are
problematic, especially the untenable tongue of ice in Muddy Creek valley. The use of
sedimentological, mineralogical, petrological, and textural analyses to distinguish glacial
drifts was inappropriate for glacial margin mapping in the southern portion of the basin.
Furthermore, the misidentification of man-made deposits as glacial drift led to erroneous
interpretations regarding the extent and character of pre-Wisconsin glacial deposits in the
basin.
This study re-investigates the glacial margins using the degree of weathering of
granitic Canadian Shield erratics as a primary tool. These erratics display three distinctive
weathering rinds, so glacial deposits can be differentiated into three relative ages. Similar
qualitative weathering rind characteristics were reported in nearby soil studies and associated
with Wisconsin, Illinoian, and pre-Illinoian stream terraces.
Southwest of West Liberty, the glacial maximum is Wisconsin in age. Northeast of
West Liberty, the glacial maximum is Illinoian in age. No pre-Illinoian glacial deposits are
mapped at the surface in Slippery Rock Creek basin.
Remapping the glacial margins eliminated two Wisconsin valley glaciers proposed
along the margin of the Laurentide Ice Sheet in previous works. One valley glacier was
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proposed to have flowed 5 km (3 mi) up Muddy Creek valley and 9 km (5.5 mi) beyond the
Wisconsin margin. The other valley glacier, which was proposed to have flowed down
Slippery Rock Creek gorge, measured 9 km (5.5 mi) long but only 300 m (1,000 ft) wide and
150 m (500 ft) thick. This study extends the Laurentide glacial maximum so that the
locations of both valley glaciers are encompassed by the ice sheet.
After mid-20th century glacial margin mapping, glacial soils were mapped well
beyond the glacial maximum of surficial geologists in Butler County, for the first time. This
anomalous situation may have derived from the soil science community’s acceptance of
those glacial margins, which extended too far to the south, possibly due to the
misinterpretation of Wisconsin proglacial lake sediments as older glacial deposits. Another
peculiarity of the soil maps is the failure to differentiate the Titusville and Gresham soils
developed in Wisconsin till from the Titusville and Gresham soils developed in older tills
and unglaciated areas. One possible reason for not differentiating these soils is that the
Butler County typical pedon of Titusville Series soil, believed to develop in till, is actually
beyond the glacial maximum of this study, suggesting that some soils developed in so-called
“Illinoian tills” may have developed in Wisconsin proglacial lake sediments.

INTRODUCTION
Till stratigraphy indicates glacial incursions into Ohio and northwestern
Pennsylvania during the pre-Illinoian, Illinoian, and Wisconsin stages, although less is
understood of the pre-Wisconsin glaciations because their evidence was buried or eroded by
later glaciations. The late Wisconsin Erie Lobe headed in the Canadian Shield and advanced
to the Great Lakes basin before dividing into several sub-lobes, which covered most of Ohio,
2

northwestern Pennsylvania, and western New York. The Grand River sub-lobe invaded
northeastern Ohio, northwestern Pennsylvania, and western New York. Slippery Rock
Creek basin is, generally, an elliptical ice-marginal basin with its long axis sub-parallel to
the southeastern margin of the Grand River sub-lobe, so that only the northwestern half of
the basin was glaciated (Fig. 1).
Slippery Rock Creek basin has an area of approximately 1,037 km2 (400 mi2),
occupying portions of Beaver, Butler, Lawrence, Mercer, and Venango counties (Fig. 1).
Slippery Rock Creek flows southwest for approximately 37 km (23 mi) from its headwaters
in northeastern Butler County to its confluence with Connoquenessing Creek, near Ellwood
City in southeastern Lawrence County (Fig. 1). The course of Slippery Rock Creek roughly
follows the trend of the glacial maximum with only the upper and lower reaches extending
into unglaciated terrain. Much of Slippery Rock Creek is entrenched in nearly flat-lying,
early Pennsylvanian bedrock that dips slightly to the south and consists of, from older to
younger, massive Connoquenessing Sandstone, thin-bedded Mercer Shale, and massive
Homewood Sandstone, all part of the Pottsville Formation, and Vanport Limestone of the
Allegheny Formation (Fig. 2) (Pennsylvania Geological Survey, unpublished data).
The major tributaries to Slippery Rock Creek are Wolf Creek and Muddy Creek.
Muddy Creek heads in the unglaciated highlands to the east, while Wolf Creek is wholly
within the glaciated northern portion of the basin (Fig. 1). Much of Wolf Creek valley is
filled with sediments and is larger than Slippery Rock Creek valley suggesting that Wolf
Creek was the larger stream during the Pleistocene (Poth, 1963). Two buried valleys,
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whose surface discharge today is minimal, are excellent examples of underfit streams. Both
are south-flowing tributaries to Slippery Rock Creek and filled with glacial drift (Poth,
1963). The mouth of the smaller buried valley lies near Harlansburg; the mouth of the other,
the largest valley in the basin, is located at Elliot Mills and filled with up to 61 m (200 ft) of
glacial drift (Fig. 1).
Maps and supporting data for many field observations supporting the glacial margins
of this paper are given in Appendix 1.

5

PREVIOUS GEOLOGY WORK
Leverett (1902, 1934) recounted the earliest surficial geology work in Ohio River
basin. Readers are directed to Leverett for comprehensive details, especially for works
published in the early 19th century.
The oldest recorded account associating ice and the deposition of sediments in the
Ohio River basin dates back to Drake (1825), who noted many northern tributaries to Ohio
River contained significant gravel deposits, while southern tributaries were free of gravel.
Drake proposed that the gravel was emplaced by icebergs.
Lewis (1884) loosely constrained the dates for the scientific acceptance of North
American glaciation and, by inference, acceptance by the Second Geological Survey of
Pennsylvania, in the following succinct opening paragraph:
“When Agassiz, some forty years ago, after a prolonged study of the Swiss glaciers,
announced the conclusion that large portions of the continents of North America, as
well as of Europe, were covered in recent geological times by an immense glacier
hundreds of thousands of square miles in extent and several thousand feet in thickness,
geologists the world over were startled at what then seemed a most improbable
hypothesis. To-day there is hardly a truth in geology more widely accepted or capable
of more conclusive proof.”

Lewis (1884) was first to map the glacial maximum in northwestern Pennsylvania
(Fig. 3). Two parts of the margin are noteworthy for this study. Downstream from
Cheeseman Run, Lewis mapped the glacial maximum west of Slippery Rock Creek. North
of Slippery Rock Creek basin, Lewis mapped the glacial maximum within southeastern
Crawford County.

6
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Leverett (1902) differentiated and mapped glacial margins from Mississippi Valley
to central Pennsylvania, including Slippery Rock Creek basin, and described Pleistocene
drainage changes in Ohio and western Pennsylvania. For most of western Pennsylvania,
Leverett’s (1902, 1934) Wisconsin margin closely agreed with Lewis’s (1884) glacial
maximum, except in the southern portion of the basin; Leverett mapped the Wisconsin
margin farther to the southeast, resting against the eastern wall of Slippery Rock Creek
Gorge from just downstream of Cheeseman Run to a point just downstream of Skunk Run
(Fig. 3).
Leverett (1902) recognized glaciations older than the one responsible for the glacial
maximum of Lewis (1884), thereby extending the glacial maximum farther to the southeast.
The differences between the glacial maxima of Lewis (1884) and Leverett (1902, 1934) were
greater north of Slippery Rock Creek basin. There, Leverett (1902) extended the glacial
maximum east of Crawford County, so that most of Venango and Warren counties and a
portion of Forest County were glaciated (Fig. 3).
Leverett (1902) concentrated principally on Wisconsin drift but also mapped one
older glacial margin in Slippery Rock Creek basin. Most of the glaciated area was mapped
as Wisconsin in age but there was a fringe of Kansan or older glacial deposits. The Kansan
age was based on Leverett’s interpretation that most of the erosion between Kansan and
Wisconsin outwash terraces in lower Allegheny and upper Ohio river valleys was postIllinoian. Leverett’s Kansan drift was narrow and discontinuous south of West Liberty,
while wider and continuous to the north.
Leverett (1934), while concentrating on only the Commonwealth of Pennsylvania,
revised some of his previous (Leverett, 1902) age interpretations, although his earlier glacial
8

margins remained unchanged. In order to map various drifts, Leverett (1902, 1934)
correlated outwash deposits to their respective drift and then identified the extent of the drift
based on the weathering of felsic erratics. Ultimately, Leverett (1934) mapped only
Wisconsin and Illinoian deposits in this basin (Fig. 3). The Kansan fringe deposits
(Leverett, 1902) north of West Liberty were reassigned an age of Illinoian, while the narrow,
discontinuous Kansan fringe deposits to the south were reassigned a Wisconsin age.
Explaining this age reassignment, Leverett (1934) determined that much of the
erosion separating the newly-assigned Illinoian and Wisconsin outwash terraces in lower
Allegheny and upper Ohio river valleys was pre-Illinoian in age, based on better elevation
control afforded by newer topographic maps with a 6 m (20 ft) contour interval. He also
noted that the felsic erratics in the newly-assigned Illinoian deposits were less etched and
weathered than felsic erratics in the Kansan drift type locality, and more closely resembled
the weathering of felsic erratics in Illinoian tills of Ohio. Additionally, Leverett (1934)
stated that he found “... no boulders or erratic pebbles on uplands outside the Illinoian drift
border south of Venango County” and mapped no Illinoian deposits south of West Liberty.
Preston (1950), a professional engineer, renowned for work in glass technology, and
an avid amateur geologist, presented his ideas regarding Pleistocene drainage changes in
Slippery Rock Creek basin, including the draining of Proglacial Lakes Watts and Edmund
(Fig.4). Preston’s principal interest in glacial margins appears to have been limited to
positions that helped illustrate his chronology of Pleistocene drainage changes. The detail
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most significant to this study is that Preston’s (1977) chronology required a Wisconsin
glacial margin close to Leverett’s (1934) Wisconsin glacial maximum in Muddy Creek
valley. Preston (1977) published an unrefereed booklet that contained a refinement of his
previous ideas of the Pleistocene drainage changes in Slippery Rock Creek watershed. The
details of the drainage changes described by Preston are not significant to the study of glacial
margins, but are addressed in a paleoflood analysis of late Wisconsin meltwater flooding in
Slippery Rock Creek basin (Chapter 2).
Robert Sitler and Vincent Shepps, doctoral students from the University of Illinois,
along with their advisor George White, mapped Wisconsin glacial surficial geology,
delineated older drift areas, and studied the till stratigraphy of western Pennsylvania (Sitler,
1957; Shepps and others, 1959; White and Totten, 1965; White and others, 1969). Sitler’s
(1957) Slippery Rock Creek basin glacial margins remained virtually unchanged but the
nomenclature and age assignments of certain drifts changed through time as western
Pennsylvania tills were better correlated to tills in the Ohio portion of the Grand River sublobe (Table 1).
Liberty is taken throughout the rest of this paper mixing authors and deposits (i.e.
Sitler’s Mapledale, Shepps and others’ pre-Illinoian, etc.) to limit repetitive wordy because
of the numerous age and name reassignments of Sitler’s (1957) Illinoian drift, especially by
Shepps and others (1959), White and Totten (1965), and White and others (1969).
Throughout the remainder of this paper liberty is also taken with reference to the
ages of erratics. The erratics are derived from pre-Cambrian bedrock of the Canadian
Shield, and were imported to this basin by glacial processes. In the text, however, these
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erratics will be referred to by age of deposition, based on weathering rind category (i.e.
Wisconsin erratics, Illinoian outwash, pre-Illinoian granites, etc.). In addition, this study
utilizes the United States Geological Survey particle size nomenclature (Guy, 1969).
Until 1953 Sitler was an oil and gas geologist (Frank, 1977). Sitler and Chapman
(1955) studied till petrology publishing a microfabric analysis of western Pennsylvanian tills.
Sitler (1957) attempted to differentiate between Wisconsin and Illinoian tills using
sedimentology and petrology, while “….some attention was also necessarily paid to their
morphology.” Sitler (1957) was not, primarily, interested in mapping the glacial margins.
After 1957, Sitler’s professional emphasis remained till petrography, not field mapping
(Sitler, 1963, 1968, 1969).
To facilitate his laboratory analyses, Sitler (1957) avoided all leached and oxidized
material whenever possible, thereby concentrating most of his sampling within the
Wisconsin margin. He referenced seven Illinoian stratigraphic sections, however, but all
were located north of the town of Slippery Rock and two were north of Slippery Rock Creek
basin.
Sitler (1957 p. 18-19) reported that pre-Wisconsin deposits can be divided into three
types. The first type was described as “… (scattered) erratics are almost the only glacial
material in the pre-Wisconsin …” south of West Liberty, suggesting that till was absent
there. The second type was described as thin, very discontinuous, highly-weathered till and
highly-oxidized gravel, with isolated erratics. The most significant amount of this type
deposit occurs east of the town of Slippery Rock, mostly within upper Slippery Rock Creek
basin. The third type was described as thin, but more continuous till occurring in Irwin
Township, Venango County, and Marion and Mercer townships, Butler County. Margin
13

notes in White’s original copy of Sitler (1957), believed to be White’s, indicate that the first
type is “scattered erratics only Mapledale,” while the second type is “thin till Titusville or
Mapledale,” and the third type is “Titusville.” Therefore, the Mapledale south of West
Liberty contains no till; type two deposits, either Titusville or Mapledale tills, east of the
town of Slippery Rock, are thin and confined mostly within Proglacial Lake Edmund basin;
the most extensive pre-Wisconsin tills in this basin are thin Titusville tills, confined to the
extreme northeastern townships of the basin. Sitler’s (1957) every mention of preWisconsin erratics was restricted to roadside observations, although Sitler did not describe
the composition or weathering of the erratics.
Sitler (1957) mapped both Wisconsin surficial geology and the extent of the Illinoian
areas, part of which was later identified as pre-Illinoian in age (Fig. 5). South of West
Liberty, Sitler (1957) mapped most of the Wisconsin margin nearly 5 km (3 mi) northwest of
Leverett’s (1934) Wisconsin margin and closer to Lewis’s (1884) glacial maximum (Fig. 3).
Sitler also extended the pre-Wisconsin glacial maximum farther to the southeast, mapping
an undifferentiated Illinoian area up to 8 km (5 mi) wide, but suggested multiple Illinoian
glaciations. These two changes resulted in a band of Illinoian deposits 3 to 8 km (2 to 5 mi)
wide, where Leverett (1934) mapped only Wisconsin deposits and unglaciated terrain (Fig.
5). Based only on scattered, roadside erratics, Sitler extended a band of pre-Wisconsin
deposits mapped in eastern Ohio by his advisor (White, 1951).
Sitler’s (1957) Wisconsin margin was more similar to Leverett’s (1934) north of
West Liberty than it was to the south. Sitler, however, extended the area of Illinoian
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glaciation beyond the Illinoian glacial maximum of Leverett (1934). This increase in the
location of Illinoian area was mostly due to Sitler’s acceptance of an additional (older)
Illinoian glaciation. Sitler (1957) mapped the Illinoian drift as a wide band, and the Illinoian
margin as the glacial maximum from just south of West Liberty to the northern end of the
basin, whereas Leverett (1934) mapped the Illinoian area as narrowing from the northern
edge of the basin, until disappearing north of West Liberty, being covered by Wisconsin
deposits from West Liberty to the Ohio border (Fig. 5). The trace of Sitler’s two margins
have remained unchanged although his Illinoian area has been subdivided and repeatedly
reassigned different ages (Shepps and others, 1959; White and Totten, 1965; White and
others, 1969; Szabo, 1992; Szabo and Totten, 1995) (Table 1).
Shepps and others (1959) was, in part, a synthesis of the Wisconsin surficial geology
and glacial margins of northwestern Pennsylvania, based on the work of several of George
White’s students, including Sitler (1957). They showed a map linking investigators with
specific field areas and the text indicated the dates of fieldwork. No research project was
reported for Slippery Rock Creek basin. In addition to this synthesis, which resulted in the
most recent surficial geology map of northwestern Pennsylvania (Shepps and others, 1959,
Plate 1), a major contribution of Shepps and others was mineralogical and textural analyses
of tills. Only a single stratigraphic section was discussed, the Venango section in northern
Crawford County, part of Shepps’ personal field area. Shepps and others reported, however,
that numerous other stratigraphic sections, each containing multiple tills, had been analyzed
and discussed in previous publications, including Shepps (1955) and Sitler (1957).
Therefore, Sitler (1957) remained the source for till stratigraphy and glacial mapping in the
southern portion of the map by Shepps and others (1959, Plate 1).
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Sitler’s till descriptions and occurrences differ from those of Shepps and others
(1959) for Slippery Rock Creek basin. Shepps and others (1959) described the inner
Illinoian (Titusville) landscape as having primarily erosional topography with some
constructional landforms (till plains, kames, and moraines). The till was described as a
continuous thin blanket, rarely thick enough to display unleached material, sparingly pebbly,
weakly calcareous, and finer-grained than outer Illinoian tills (Mapledale).
Shepps and others (1959) described the outer Illinoian drift area as having erosional
topography and consisting “of erratics, most of which were quartzites, very rare patches of
thin till and oxidized gravels.” When the tills were present, however, they were, “...usually
highly weathered such that their original character cannot be defined,” and even though
some soils “...are developed on bedrock, the influence of the Illinoian till is still apparent in
detailed soil studies.” White and others (1969) described the Mapledale Till outcrop area as
having only rare crystalline rocks, mostly quartzite, exposed on the surface of soils.
White and others (1969) described the Pleistocene stratigraphy of western
Pennsylvania. The text indicated locations and dates of fieldwork. No research project was
reported for Beaver and Butler counties. Stan Totten and Stephen Moran were reported to
have worked Lawrence County, Pennsylvania and Columbiana County, Ohio in 1965, but
Totten and White did little surficial mapping in the 1960s, concentrating their efforts on till
stratigraphy (Stan Totten, Hanover College, Professor Emeritus, written communication,
1998). These efforts resulted in White and Totten (1965), in which the inner Illinoian of
Shepps and others (1959) was renamed Titusville Till and assigned an age of middle
Wisconsin (Table 1).
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White and others (1969) developed the Pleistocene stratigraphy by studying roadcuts
along newly constructed interstate highways and quarry longwalls, none of which were
located in Butler and Beaver counties. They further refined the Shepps and others’ (1959)
refinement of Sitler’s (1957) Illinoian area. Outer Illinoian deposits were renamed
Mapledale Till and reassigned a probable age of Illinoian (Table 1). The older Slippery
Rock Till was identified but not found to crop out at the surface in western Pennsylvania.
White and others (1969) supported the middle Wisconsin age for Titusville Till,
based largely on radiocarbon dates from a buried peat 0.8 km (0.5 mi) southeast of the town
of Titusville, in southeastern Crawford County. The four radiocarbon dates were: sample I1845 at 39,900 + 4,900 – 2,900 years B.P.; sample OWU315 at 35,000 + 1,835 – 2,385
32,600 years B.P.; sample GrN-4996 at 40,500  1,000 years B.P.; and sample OWU316 at
> 37,500 years B.P. The peat was topographically lower than the Titusville Till and
presumed to be stratigraphically lower. The authors listed tills that they correlated to
Titusville Till: the Mogadore Till near Akron, Ohio (White, 1960) and Millbrook Till in the
Killbuck lobe in northeast central Ohio (White, 1961; 1963; 1967). They also listed deposits
that they believed were correlative to Titusville Till: Winnebago drift of northern Illinois
(Frye and Willman, 1960), Southwold drift of Ontario (Dreimanis, 1964), unnamed tills in
Otto, New York (Muller, 1964), and Gahanna Till near Columbus, Ohio (Goldthwait and
Forsyth, 1965).
White and others (1969) based the age of Mapledale Till on stratigraphic position.
Mapledale Till was observed stratigraphically lower than Titusville Till and separated by a
thick paleosol, indicating that Mapledale Till was significantly older than Titusville Till.
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There was, however, no definite correlation of Mapledale Till to other Illinoian tills in Ohio
and New York. Therefore, Mapledale Till was assigned an age of Illinoian (?).
Workers continued to refine their understanding of the age of pre-Wisconsin tills
north of Slippery Rock Creek basin. Dreimanis and Goldthwait (1973) interpreted
Millbrook Till, based on comparative weathering, as early Wisconsin. White (1982)
correlated Titusville Till to Mogadore and Millbrook tills through stratigraphy, texture, and
induration, determining all three to be middle Wisconsin in age. Fullerton (1986) assigned
Titusville Till an early Wisconsin age. Clark and Lea (1986) disagreed with assigning North
American tills to early and middle Wisconsin stages because the ages of those continental
glaciations were based on questionable stratigraphic correlations. Szabo (1992) did not
identify early or middle Wisconsin tills in Ohio and northwestern Pennsylvania, because of
his interpretation that previous workers failed to find sufficient evidence supporting those
ages. He attributed Mogadore, Millbrook, and Titusville tills to the Illinoian stage.
Dreimanis (1992) proposed that the early Wisconsin ice sheet flowed no farther south
than the northern end of Lake Erie. Szabo and Totten (1995) presented thermoluminescence
dates for Mt. Gilead, Ohio loess, 145,000  25,000 (Alpha 2870) and 125, 000  16,000
(Alpha 3018), confirming an Illinoian age for the correlative Titusville Till, leading to the
interpretation that Mapledale Till is pre-Illinoian. Further support of a pre-Wisconsin age
for Titusville Till came from a fossil beetle study, near the town of Titusville, suggesting a
short warm interval approximately 40,000 years BP, local evidence of an interglacial period
after the deposition of Titusville Till (Cong and others, 1996). Braun (1996) shed further
light on the stratigraphic problem at the Titusville peat site by reporting that Titusville Till is
colluviated.
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In an article unrelated to the difficulties of till age and correlation, Watson (1989)
reported extensive Wisconsin kame terrace deposits along the lip of Slippery Rock Creek
valley. These deposits were thought to result from a valley glacier extending beyond the
Wisconsin margin of Sitler (1957) and Shepps and others (1959). Watson’s valley glacier
was implausibly narrow and thin, less than 300 m (1,000 ft) wide and less than 150 m (500
ft) thick, given its length of more than 9 km (5.5 mi).

PREVIOUS SOILS WORK
The evolution of both surficial geology and soils mapping in western
Pennsylvania shows that most advances in mapping the extent or age of glaciation preceded
an advance in mapping the extent or age of soils believed to develop in glacial deposits.
Understanding this relationship affords a better evaluation of the present situation in which
soil maps show glacial soils beyond the geologically-mapped glacial maximum.
Wilder and others (1911), in the first reconnaissance soil survey report of
northwestern Pennsylvania, showed the maximum extent of glacial soils to be similar to the
glacial maximum of Lewis (1884). They described eight soil series - two glacial, three
residual, and three alluvial. The glacial soils and one of the residual soils were mapped in
the glaciated area. One “glacial” soil series, Dunkirk, a soil believed to have developed in
proglacial lake sediments, was mapped as a 3.2-6.4 km (2-4 mi) wide belt bordering the
shore of Lake Erie. The second glacial soil series, Volusia, believed to have developed in
till, covered nearly all of the rest of the glaciated land. The small remainder of glaciated area
was covered by the residual Warren series, which occupied a narrow band, mostly in
southeastern Crawford County, as well as a portion of northwestern Warren County. The
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residual Warren soil within Lewis’ (1884) glacial maximum was presumed to have been
covered by ice but over which no till was deposited or the till was so thin as to, “not
determine the soil character.” Thus, Wilder and others (1911) planted the seed for the
concept that glaciation in western Pennsylvania might not be evidenced in local soils.
Bacon and others (1954) effectively controvert the concept that local glaciation might
not be evidenced in local soils during the first comprehensive soil survey of Crawford
County. Bacon and others (1954) mapped no residual soils within the county, thereby
extending glacial soils beyond that of Wilder and others (1911) and toward the glacial
maximum of Leverett (1902, 1934). Bacon and others identified Illinoian till as the parent
material of the Warren soils in southeastern Crawford County but described Illinoian till as
thin and composed primarily of bedrock material. The second soil survey of Crawford
County (Yaworski and others, 1979) also showed no residual soils in Crawford County.
Lessig (1959, 1961) described a qualitative comparison of the weathering of erratic
granite gravel in terraces of different ages along Little Beaver Creek, near East Liverpool,
Ohio. Lessig described the Wisconsin granites as fresh or having a slight weathering rind,
Illinoian granites as more weathered, having a strong rind but a fresh interior, and preIllinoian granites as thoroughly weathered.
The Butler County soil survey (Smith, 1989) suggested, through the mapped southern
extent of “glacial” soils, that glaciation extended 8 km (5 mi) farther south than any surficial
geologists have been able to determine. Smith (1989) made no distinction between soils
developed in Wisconsin and Illinoian tills despite significant age differences in parent
material. Subsequently, the Mapledale portion of the Illinoian area was assigned an age of
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pre-Illinoian (Szabo and Totten, 1995) (Table 1), further increasing the age differences
among parent materials.
The Titusville soil has a significant history. According to the Natural Resources
Conservation Service website (http://www.statlab.iastate.edu/soils/osd/) the Titusville soil
series was established in 1939, in Crawford County, Pennsylvania. The first soil survey of
Crawford County, however, was not published for an additional 15 years as Series 1939, No.
18 (Bacon and others, 1954). The typical locality of Titusville soil was moved in 1984 to
Richland County, Ohio. Of the five counties in this study, as well as adjacent Crawford
County, which contained the original typical locality of Titusville soil, only the Butler
County soil survey (Smith, 1989) continues to recognize the Titusville soil series in the most
recent soil survey.
Difficulties understanding the Titusville soil were not helped by having a till with the
same name. The confusion is exacerbated because the till was believed to be middle
Wisconsin in age, whereas the original typical locality of Titusville soil was believed to be in
weathered Illinoian till. The present soil difficulty in Butler County, having glacial soils
mapped beyond the glacial maximum is attributable to Smith (1989) for choosing a typical
Titusville soil locality within the Mapledale Till, when the Illinoian (?) age of the Mapledale
Till was suspect (Table 1).
In Venango County, Churchill (1975) did not map glacial soils beyond the glacial
maximum of Sitler (1957) and Shepps and others (1959) (Churchill, 1975). In Beaver
County, soils believed to develop in tills were not mapped beyond Sitler’s (1957) glacial
maximum in Slippery Rock Creek basin (Smith, 1982). West of Beaver River, however,
glacial soils were mapped as much as 1.6 km (1 mi) beyond Sitler’s (1957) glacial
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maximum. Those soils are along Wallace Run in southern Beaver and northern Chippewa
townships and, in fact, may be developed in outwash.

METHODS
The glacial margins were differentiated, primarily, by granitic erratic weathering
rinds. In addition, depths of leaching and oxidation of sand and gravel deposits were
examined, whenever feasible. Soil descriptions were used sparingly.
Weathering rinds were significant for Leverett’s (1902, 1934) glacial margin
mapping and Lessig’s (1959, 1961) relative age determination of fluvial terraces. Leverett
(1902, 1934), however, did not describe his weathering criteria in detail. Weathering and
etching are consistent and sufficient to map glacial margins across the eastern United States,
and western Pennsylvania, in particular (Leverett, 1934).
This study revealed three distinct degrees of granitic cobble weathering in Slippery
Rock Creek basin, as described by Lessig (1961). The least weathered (Wisconsin) erratic
clasts have little to no rind (< 2mm). Intermediate weathered (Illinoian) erratic clasts have
prominent rinds (3 to 5mm) but fresh interiors. The most weathered (pre-Illinoian) erratic
clasts have rinds > 6mm. These three weathering categories are readily recognizable and
only rarely is a granitic erratic found to be somewhat confusing as to which category it
belongs. The methodology of differentiating depositional ages based on relative weathering
of granitic clasts, while not statistically tested, has existed in the literature of this region for
more than half a century.
The distinctiveness of these weathering categories or the lack of confusion in
distinguishing among them was due, likely, to the long lengths of time between glaciations.
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Radiocarbon dating places the late Wisconsin maximum in Ohio approximately 19,670 years
B.P. (Lowell and others, 1990; Johnson and others, 1997). Thermoluminescence dating of a
loess overlying a northeastern Ohio till, believed correlative to Titusville Till of western
Pennsylvania, dated Illinoian glaciation between 145,000  25,000 (Alpha 2870) and 125,
000  16,000 (Alpha 3018), (Szabo and Totten, 1995). The pre-Illinoian stage, based on the
marine oxygen isotope record and dated ash layers, was comprised of multiple glaciations
and extended from approximately 900 Ma to 302 Ma (Braun, 1994).
The difference in weathering rind thickness between clasts deposited during the
Wisconsin and Illinoian glaciations is only a few millimeters, developed over a span of
approximately 100,000 years. The difference in weathering rind thickness between Illinoian
and pre-Illinoian clasts developed over a timespan possibly three to nine times longer.
The degree of granitic weathering in the oxidized zone of a typical glacial deposit is
almost entirely within a single thickness category. Although the degree of weathering within
a deposit decreases with depth, only a minor amount of mixing of clasts with different
weathering rinds (<2mm, 3 to 5 mm, or >6 mm) was observed in any given deposit.
Few clasts present rinds that are difficult to categorize. In every such case, there are
enough clasts with rinds that fall within these categories to determine the age of the deposit.
The rare, confusing, weathering rinds are attributed to differences in mineralogy and
resistance to weathering.

RESULTS
The glacial margins mapped in this study are presented in Figure 6. Details of some
specific localities supporting these margins are found in Appendix 1. The percentages of
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differing weathering rind thickness populations varied among glacial deposits of the same
age, but for each age, one weathering rind category was so significantly overrepresented that
age assignment was unambiguous in the field. The following general descriptions of
Wisconsin, Illinoian, and unglaciated areas characterize the areas mapped in Figure 6.

Wisconsin Deposits
Wisconsin deposits display abundant granitic clasts with < 2mm weathering rinds on
> 95% of the granite cobbles. The remaining granitic clasts were dominated by intermediate
weathering rinds (3 to 5 mm), attributed to weathering since the Illinoian glaciation. The
remaining minor clast population presents severe weathering rinds (> 6 mm) attributed to an
extensive period of weathering since pre-Illinoian time. This mixing of rind categories is
most likely caused by glaciers overriding older, weathered glacial deposits, incorporating
material from the older deposits into newer, younger deposits.

Illinoian Deposits
Illinoian areas contain fewer erratics than Wisconsin drift. Granitic clasts with an
intermediate weathering rind and fresh interior accounted for ~ 98% of the erratic cobbles.
The remainder of the granitic clasts display severe weathering rinds (>6 mm). Younger,
glacially-emplaced, granitic clasts do not occur within the oxidized zone of older deposits.
No unoxidized Illinoian surficial deposits were identified during this study of Slippery Rock
Creek basin, so the presence of significant fresh granitic erratics at the surface precludes an
Illinoian (or older) age for a deposit.
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Unglaciated Areas
The amount and size of residual clasts in soil varies from place to place. Most of the
unglaciated area is mantled with residual clasts, although some locations are nearly devoid
of surficial clasts. Commonly, clast sizes range from large gravel to small cobble. Away
from stream valleys, the most common surficial clasts are sub-angular, tabular to blocky,
highly-oxidized sandstones. The second-most common surficial clasts are shales that range
from very angular and fresh to sub-angular and weathered. Minor amounts of angular,
tabular to blocky, fresh sandstone and angular, blocky, fresh limestone occur, mostly
associated with strip mines. All of these clasts are derived from local bedrock. All erratics
beyond the glacial maximum of this study are attributed to outwash in stream valleys,
importation by man, proglacial lake sediments, or ice-rafting (Appendix 1).
Predictable associations exist between bedrock geology and residual clast type, as
well as between topography and bedrock geology. Both relationships occur because the
underlying bedrock is a relatively undisturbed sequence of flat-lying Paleozoic sedimentary
rocks, mostly sandstones and shales. Hilltops often display sub-angular, tabular to blocky,
highly-oxidized sandstone clasts, which range in size from gravel to boulders. The more
cultivated the land, the greater the concentration of the smaller-sized residual clasts on the
surface. Generally, even wooded hilltops are littered with residual sandstone clasts. Gentle
slopes are frequently covered with shale and sandstone colluvium, whereas the steeper
slopes, especially in the larger stream valleys, display angular, platy, colluviated black shale.
Most of the unglaciated area displays enough surface clasts to determine a residual or
colluvial origin of the surficial deposits.
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The human influence on the location of glacial gravel received little attention in
previous publications, except for a brief cautionary note by White and others (1969) that
glacial gravel was used for road ballast. Man has been a significant geomorphic force in this
area as indicated by ubiquitous surface mining shown on topographic maps.
Many of the mines are old glacial gravel pits, but the use of these gravels is not
apparent on the topographic map. Some of these gravel pits are currently used, solely, to
supply a concrete block plant with aggregate. Another significant use is road ballast for
local paved roads. In addition, farmers have been distributing glacial gravel over their land
for generations. Many farm roads use glacial gravel to reduce the erosive effects of
machinery. Less obvious is an erosion control practice in which stockmen, especially dairy
farmers, import glacial gravel, sometimes in truckloads, for barnyards, paddocks, and
livestock paths. Local stockmen learned that glacial gravel resists breaking into sharp pieces
that damage the feet of their livestock. In addition to erosion control, some crop farmers
imported glacial gravels for especially wet portions of their fields to aid in drainage. In the
past, subsistence farmers raised both livestock and crops; therefore, glacial erratics can
appear almost anywhere in the basin without necessarily indicating glaciation. Confirmation
of this redistribution of glacial gravel within a specific parcel of land exists only as long as
the anecdotal evidence survives. Understanding the distribution patterns of glacial gravel on
land confirmed to have received imported gravel helps interpret glacial gravels on land
where the anecdotal evidence has not survived (Appendix 1).
Other deposits that received little attention in the literature were coarse-grained (sand
and larger) proglacial lake sediments and ice-rafted deposits. Proglacial lakes would have
deposited the same range of sediments that are deposited in present-day lake basins, as well
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as ice-rafted deposits. In addition to lake bottom silt and clay, and beach sand and gravel,
one would expect gradational sandy silt and silty sand deposits. Ice-rafted deposits contain
various-sized sediments, up to boulder size, that might be distributed as discreet deposits of
varied extent, and could be expected at any elevation below the highest level of the
proglacial lake. When mapping glacial margins, especially in proglacial lake basins, one
should consider processes other than glaciation for the deposition of fine-grained, granitefree diamicts, such as those described by Shepps and others (1959). In portions of Slippery
Rock Creek basin, the mode of emplacement of glacial gravels may be suspect. Isolated
erratics, even high on a slope but below proglacial lake level, should not be assumed to be
evidence of glaciation. The most reliable evidence of glaciation in proglacial lake basins is a
confirmed till deposit, preferably of substantial extent.
The Wisconsin silty sand proglacial lake sediments may be significant in the
Proglacial Lake Edmund basin, east of the glacial maximum, where Sitler identified his thin,
discontinuous second type of pre-Wisconsin deposits. Geologists have never identified preIllinoian till outcrops in that area. Also, soil scientists have not differentiated among soils
developing in erratic-laden Wisconsin tills, granite-free “Illinoian” diamicts (Sitler, 1957;
Shepps and others, 1959), and residuum beyond the glacial maximum.

DISCUSSION
Some methods used and interpretations expressed in previous research must be
discussed to evaluate the findings of that research. Particular issues in question, concerning
the validity of glacial margin mapping, include the sample density of Sitler (1957) and drift
descriptions of Shepps and others (1959).
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Sitler (1957) did not report sampling any pre-Wisconsin till south of the town of
Slippery Rock and had only seven Illinoian sample locations, all north of the town of
Slippery Rock, including two north of Slippery Rock Creek basin. In spite of the paucity of
Illinoian data, Sitler (1957) remapped both the Wisconsin and Illinoian glacial margins
throughout and west of Slippery Rock Creek basin (Fig. 5), thereby mapping beyond his
primary sampling target, the Wisconsin drift.
Sitler did not move Leverett’s (1934) Wisconsin margin from the valley of Muddy
Creek (Fig. 5) despite modifications elsewhere. Sitler’s sample location map (Sitler, 1957,
Figure 2) shows that he did not sample Wisconsin drift in Muddy Creek valley, or the
surrounding Illinoian area. The Wisconsin margin, however, had to remain within Muddy
Creek to allow for Preston’s (1950, 1977) drainage chronology, which Sitler (1957)
accepted. Consequently, Sitler’s Wisconsin margin included a valley glacier more than 9 km
(5.5 mi) long, extending up Muddy Creek valley (Fig. 5) with no reported supporting data.
Shepps and others (1959, Plate 1) showed the field area for each co-author. Slippery
Rock Creek basin was in Sitler’s map area, suggesting that any further work in the basin was
Sitler’s responsibility. No additional fieldwork in Slippery Rock Creek basin was indicated
in the text, however. Therefore, it can be assumed that Sitler (1957) was the source of data
used by Shepps and others (1959) to differentiate Sitler’s Illinoian area.
It was the practice of George White to store samples, as Szabo and Totten (1995)
used samples from White and others (1969), which had been stored in the library of the
University of Illinois. It seems reasonable that White’s students, Shepps (1955), and Sitler
(1957), stored their original samples and, at best, re-examined them because no additional
field work was reported for Slippery Rock Creek basin in Shepps and others (1959).
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Plate 1 of Shepps and others (1959) indicates Shepps’ field area was in extreme
northwestern Pennsylvania, wholly within the Wisconsin drift. Shepps and others (1959)
presented a single stratigraphic section, the Venango section, in Shepps’ Crawford County
field area. They reported, however, numerous other multiple till sections in the data set,
crediting, among others, Shepps (1955) and Sitler (1957) as sources.
Sitler (1957, p. 34-35) described only one of the five Illinoian sample locations
within Slippery Rock Creek basin, section 63, (Fig. 5). Section 63 is also the only section
from the Illinoian drift area for which laboratory results were reported by Sitler (1957,
Appendix A). The location of Sitler’s section 63 is most likely a strip mine northeast of the
town of Slippery Rock (Fig. 5 and Appendix 1, site 517).
Sitler’s sedimentological description was minimal. Units identified as till were
indistinguishable from outwash, when reading his descriptions. The particle size analysis
(Sitler, 1957, Figure 6) for the sand, silt, and clay fractions apparently represented a single
unidentified till of the three tills present in the section (unpublished marginal notes by
George White in his copy of Sitler’s original thesis, archived with Stan Totten, Professor
Emeritus, Hanover College). No petrological evidence was offered to support the
identification of till. In spite of the minimal descriptions, any till description is of limited
value for mapping glacial extent when tills are not present.
Therefore, all Sitler’s (1957), unpublished sedimentological and petrological data,
and Shepps and others’ (1959) textural and mineralogical analyses outside the basin, were
inadequate to map or differentiate pre-Wisconsin margins in Slippery Rock Creek basin,
especially south of the town of Slippery Rock, where Sitler suggested that tills were rare or
non-existent.
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In less than three years (1954-1957) Sitler went from a career focused in coal geology
to producing a glacial geology map covering approximately 2,000 km2 (780 mi2). Sitler’s
(1957) field area covered portions of five 15-minute topographic maps, equivalent to nearly
sixteen 7.5-minute maps. The bulk of Sitler’s work pertained to the Wisconsin drift, the
extent of which was influenced by White’s (1951) recognition of pre-Wisconsin drift in
Ohio, which Sitler extended into northwestern Pennsylvania. Finally, Sitler (1957) indicated
minimal field data in areas where he made significant changes to Leverett’s (1934)
Wisconsin margin, particularly south of West Liberty (Fig. 5).
Given that previous pre-Wisconsin mapping in most of Slippery Rock Creek basin
had no foundation in the laboratory analyses of Sitler (1957) or Shepps and others (1959), it
seems well-advised to consider Shepps and others’ (1959) pre-Wisconsin descriptions as
more characteristic of Shepps’s Crawford County field area, well north of Slippery Rock
Creek basin or the subsurface in Slippery Rock Creek basin. Shepps and others (1959, p.
21) described the inner Illinoian drift area as having erosional topography with some
constructional landforms (till plains, kames, and moraines). The till was described as a
continuous thin blanket, rarely thick enough to display unleached material, sparingly pebbly,
and weakly calcareous. Shepps and others (1959) referenced four Illinoian sections reported
by Sitler (1957, pages 30-35). Three were subsurface sections, two of which are near the
town of Slippery Rock and one well north of Grove City (Fig. 5). The fourth was section 63
(Fig. 5 and Appendix 1, site 517).
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Shepps and others (1959, page 20) reported that deposits within the outer Illinoian,
“ ... consist of erratics, most of which were quartzites, very rare patches of thin till and
oxidized gravels.” When the tills were present, however, they were, “...usually highly
weathered such that their original character cannot be defined.”
That outer Illinoian drift description implied that most of the surficial deposits must
be colluvium and residuum as tills were rare. It appears that the pre-Illinoian drift area was
characterized, principally by colluvium and residuum, and minimally by isolated
metaquartzites erratics, and rare, thin diamicts. The suggested association of rare, thin till in
an area of mostly colluvial and residual deposits led this author to question how they
distinguished colluvium or residuum from till that was devoid of granitic erratics and whose
“original character cannot be defined,” especially when no samples were analyzed. The
subject was not addressed by Sitler (1957) or Shepps and others (1959). In addition, it is
rare for metaquartzites to predominate over other erratics in Shepps and others’ Mapledale
area, and many erratics in that proposed “drift” are now known to have been imported by
man.
Little or no distinction between soils developed in tills and those developed in nonglaciated residuum or colluvial diamicts was made in the Mapledale area, especially in
Butler County (Smith, 1989). Smith mapped most of the pre-Wisconsin surface as soils
developed in till. Pedologically, glacial and non-glacial soils were categorized in the same
soil series by Smith, but most of the area is not covered by till.
Shepps and others (1959) also described the outer Illinoian drift area as having
erosional topography and even though some soils “...are developed on bedrock the influence
of the Illinoian till is still apparent in detailed soil studies.” This assertion appears to be
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based on a strained understanding of a discussion of Illinoian tills in Crawford County by
Bacon and others (1954). Bacon and others (1954) reported that soils developed in Illinoian
tills, previously identified as residual Warren series soils (Wilder, 1911), were tills
composed primarily of (glacially transported) bedrock material, not as soils developing in
residuum. Furthermore, Bacon and others (1954) did not address a glacial influence on soil
developed in residuum because they did not map any residual soils in Crawford County.
This link to Bacon and others (1954) lost relevance in later decades when the outer Illinoian
of Shepps and others (1959) was reassigned a pre-Illinoian age (Szabo and Totten, 1995).
This study shows that this area is unglaciated.
Till clasts derived from local bedrock should differ in shape from clasts of residual or
colluvial bedrock. Clasts of local sandstone in till would be rounded, possibly faceted, while
residual bedrock clasts would be angular to sub-angular, tabular to blocky. Neither the
shape, composition, or weathering of any till clasts, local or erratic, especially along roads,
were addressed in Sitler (1957) or Shepps and others (1959).
Sitler (1957) and Shepps and others (1959) disagreed on the character of the preWisconsin drift area. The description of outer Illinoian tills by Shepps and others (1959, p.
20) refers to subsurface stratigraphy or till outcrops north of the town of Slippery Rock.
Sitler reported that erratics were almost the only evidence of glaciation in the pre-Wisconsin
drift from Beaver River to West Liberty. When Sitler reported this, his Illinoian area had not
been differentiated, although he suspected multiple Illinoian tills. Sitler noted tills
somewhere in his Illinoian drift between Beaver River and West Liberty. One portion of
Sitler’s Illinoian area in lower Slippery Rock Creek was interpreted by Leverett (1934) and
confirmed in this study as Wisconsin drift. The remainder of Sitler’s Slippery Rock Creek
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basin Illinoian area became Titusville and Mapledale areas (Table 1). When Sitler noted
tills, they were likely Wisconsin Kent Till or possibly Illinoian Titusville Till, but when
Sitler noted only erratics, they were likely either road ballast, man-imported deposits, or
within the proglacial lake basins within the proposed Mapledale area. This study and
Leverett (1934) determined the Mapledale drift area was unglaciated.
Sitler (1957) found no till and only isolated erratics associated with certain roads in
the outer Illinoian drift of Shepps and others (1959). This observation apparently supported
White’s (1951) mapping and facilitated Sitler’s mapping of a pre-Illinoian area that was
characterized by isolated roadside erratics in an area predominated by colluvium and
residuum. Wisconsin weathering rinds dominate the erratic rinds observed along the same
roads during this study. These erratics are road ballast. It is likely that neither Sitler, nor
Shepps, were aware of the use of glacial gravel as road ballast because the first mention of
road ballast in previous literature was a brief cautionary note to future workers in White and
others (1969). This study and Leverett (1934) did not identify any pre-Wisconsin drift at the
surface south of West Liberty.
Lessig (1959, 1961) described pre-Illinoian erratic gravels on stream terraces. If preIllinoian granitic erratic gravels endured weathering with no more protection than a porous
sandy matrix, pre-Illinoian granitic cobbles and boulders should have survived on glaciated
highlands in Slippery Rock Creek basin. In fact, pre-Illinoian weathering rinds on granitic
cobbles and boulders are documented in younger deposits in Slippery Rock Creek basin
(Appendix 1). Any protection afforded pre-Illinoian granites that were incorporated into
younger deposits would have amounted to no more than 33% and as little as 11% of the time
since deposition, based on the previously-cited dates of glaciation. Pre-Illinoian tills,
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therefore, should be characterized, in part, by an identifiable component of pre-Illinoian
granitic erratics. Therefore, the concept of pre-Wisconsin, granitic-free till is inaccurate.
Sitler (1957) did not address clast weathering, although he mentioned Leverett‘s
(1902) interpretation of pre-Illinoian drift and Leverett’s (1934) subsequent correction which
was based on mapping of clast weathering. Instead, Sitler relied on road reconnaissance and
aerial photography to map what he believed to be pre-Wisconsin drift that is devoid of till in
lower Slippery Rock Creek basin (Stan Totten, Professor Emeritus, Hanover College, written
communication, 2000). Both Sitler (1957) and Shepps and others (1959) discounted
weathering evidence that could have been easily noted during sediment-sample collection
and integrated into their interpretation.
The inconsistencies with the previous geological literature are sufficient to question
the glacial margin mapping in Slippery Rock Creek basin. In addition, there is sufficient
anecdotal evidence regarding man’s effect on glacial erratic distribution to question mapping
the glacial maximum based on the extent of glacial erratics. The geographic distribution of
glacial sediments also may have been affected by ice rafting in proglacial lakes.
Proglacial lake sediments and subsequent soil development received little attention in
the previous geological literature and, subsequently, soils developed in proglacial lake
sediments received little attention from soil scientists, especially in Butler County. While an
understanding of lacustrine sediments is not directly related to glacial margins, a brief
discussion may further explain misinterpretations by previous geologists, as well as soil
scientists who mapped glacial soils beyond the geologically-mappable glacial maximum.
The glacial maximum of Slippery Rock Creek basin defined three sub-basins. One
sub-basin did not contain a Wisconsin proglacial lake, while the other two contained
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different lakes at glacial maximum. Differences in surficial deposits among these three
basins reflects the nature of proglacial lake sediments, not till.
The southern sub-basin is lower Slippery Rock Creek, downstream of Cheeseman
Run (Fig. 1), where the creek flowed away from the Laurentide Ice Sheet and was not
impounded to form a proglacial lake. Preston (1977) suggested that Slippery Rock Creek
gorge was the result of spillway erosion by the outflow from pre-Wisconsin Proglacial Lake
Prouty. No evidence supporting the existence of Proglacial Lake Prouty was found during
this study, however.
The middle sub-basin, Muddy Creek basin, was impounded by the Laurentide Ice
Sheet forming Proglacial Lake Watts (Preston, 1977). Much of the area inundated by
Proglacial Lake Watts is now inundated by Lake Arthur and unavailable for examination.
All that remains of the submerged portion of Proglacial Lake Watts is the upper 21 m (70 ft),
which is mostly exposed on slopes, except in the distal arms of Lake Arthur. No Illinoian or
pre-Illinoian Mapledale drifts were mapped in Muddy Creek sub-basin during this study or
by Leverett (1934), but Sitler (1957), Shepps and others (1959), and White and others (1969)
mapped minor portions of both drift areas.
The northern sub-basin, upper Slippery Rock Creek, upstream of the glacial margins
of this study (Fig. 1), was impounded by the Laurentide Ice Sheet forming Proglacial Lake
Edmund (Preston, 1977). The area inundated by Proglacial Lake Edmund is now subaerial.
Only Wisconsin and Illinoian drifts were mapped in upper Slippery Rock Creek subbasin during this study and by Leverett (1934), but Sitler (1957), Shepps and others (1959),
and White and others (1969) mapped Wisconsin, Illinoian, and pre-Illinoian areas. Leverett
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(1934) reported that he found no pre-Illinoian erratics on the highlands beyond his glacial
maximum south of Venango County. This study confirms Leverett’s finding.
The erratics located beyond the glacial maximum in upper Slippery Rock Creek
basin are predominantly Wisconsin and Illinoian in age (Fig. 1), dispersed sporadically, not
continuously, as those in the Wisconsin drift of this study. The geological evidence
supporting pre-Illinoian glaciation in Slippery Rock Creek basin is non-existent at the
surface without documentation of pre-Illinoian tills or continuously dispersed pre-Illinoian
granitic erratics.
Both lower and upper Slippery Rock Creek sub-basins contain Wisconsin and
Illinoian erratics beyond the glacial maximum of this study (Fig. 1), unlike lower Slippery
Rock Creek basin, where man has imported most granitic erratics. Upper Slippery Rock
Creek is more complicated, however. The few areas containing granite or metaquartzite
erratics not confirmed as containing man-imported glacial gravel are either near confirmed
areas or, if removed from confirmed areas, are in similar landuse, primarily cultivated fields.
Non-agricultural areas beyond the glacial maximum are not characterized by a presence of
glacial gravels (Fig. 1).
In areas devoid of till that display glacial gravel, even with a history of man-imported
gravel, not every clast in each sporadic location can be assumed to be man-imported if the
area once contained a proglacial lake. A final determination as to the method of
emplacement for each deposit is difficult but, due to the absence of till and the Wisconsin
and Illinoian ages of the erratics, most glacial gravel in upper Slippery Rock Creek basin
appears to have been man-emplaced or ice-rafted.
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The contribution of proglacial lakes on the distribution of glacial erratics did not
appear in the previous literature. The only proglacial lake soils in the Butler County soil
survey are the Caneadea and Canadice silt loams, both believed to have developed in lakebottom silts (Smith, 1989). Both soils were mapped along bottomlands of upper Slippery
Rock Creek and its tributaries. Neither soil was mapped above 372 m (1220 ft), and most
occurrences were lower than 366 m (1200 ft), 27 m (90 ft), the minimum water surface of
Proglacial Lake Edmund (Appendix 1).
Till was indicated as the parent material for all glacial soils above 372 m (1220 ft)
(Smith, 1989). Smith (1989) did not identify soils developed in Wisconsin sandy beach
deposits or sand-silt deposits between beach and lake bottom. Shepps and others’ (1959)
outer Illinoian till description may have led soil scientists to map some soils developed in
coarse-grained Wisconsin proglacial lake sediments, or their colluviated counterparts, as
soils developed in till, especially in Proglacial Lake Edmund basin. The typical locality of
Butler County Titusville soil (Smith, 1989) was located east of the town of Slippery Rock, in
Proglacial Lake Edmund basin. This study suggests that the area just east of the town of
Slippery Rock, which was previously-mapped as pre-Illinoian Mapledale area (White and
others, 1969), was not glaciated.
Mistakenly accepting Wisconsin proglacial lake sediments as pre-Illinoian till would
have two significant effects regarding soil mapping in Butler County. First, including
pedogenic descriptions of both actual Wisconsin tills and Wisconsin proglacial lake
sediments within a single soil series would cause the soil series to be described too broadly.
Second, apparent “glacial” soils would be mapped beyond the glacial maximum.
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Although Muddy Creek sub-basin contained a proglacial lake, glacial gravel beyond
the glacial maximum is not common. Here, as in upper Slippery Rock Creek sub-basin,
however, both Titusville and Gresham soils were mapped in Wisconsin drift, as well as
beyond the glacial maximum of Shepps and others (1959). The possibility that Wisconsin
proglacial lake sediments were mistaken for Illinoian till also applies in this proglacial lake
basin.
More puzzling than the identification of till is the relative lack of glacial erratics
beyond the glacial maximum in Muddy Creek sub-basin, even though these erratics are
prominent in upper Slippery Rock Creek basin. Either man imported significantly less
gravel into Muddy Creek basin or there were fewer icebergs in Proglacial Lake Watts, or
both. The glacial dam for Proglacial Lake Watts was located in a narrow portion of the
valley and offered only a 1.2 km (0.75 mi) exposure of ice to the lake and, consequently,
affording little opportunity for iceberg calving (Appendix 1, Fig. A-1). In contrast, the
glacial dam for Proglacial Lake Edmund in upper Slippery Rock Creek was 7.2 km (4.5 mi)
long, affording more opportunity for iceberg calving (Appendix 1, Fig. A-3). In addition,
Proglacial Lake Edmund was deeper and longer-lived than Proglacial Lake Watts.
Some soils believed to develop in till were mapped by Smith (1989) above 399 m
(1310 ft) in the basin of Proglacial Lake Edmund and above 384 m (1260 ft) in the basin of
Muddy Creek, the minimum water surface elevation for each lake, based on the present
elevation of their spillways. The surface of most of these soils was examined and none
displayed glacial erratics. No till of any age was identified. No geological indication of
glaciation was found at any of these soil locations (Appendix 1). The glacial margins
determined in this study (Fig. 6) are most similar to those of Leverett (1934) (Fig. 3).
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CONCLUSIONS
Sitler’s (1957) Illinoian area was differentiated and included as the southern portion
of the most recent glacial map of northwestern Pennsylvania (Shepps and others, 1959, Plate
1), although Sitler was not interested, primarily, in glacial margin mapping. His strengths
and interests tended toward petrographic distinctions among tills (Frank, 1977).
Sitler’s (1957) alteration of Leverett’s (1934) glacial margins in Slippery Rock Creek
basin was not supported by his published field or laboratory data and may have been unduly
influenced by his advisor’s work in Ohio (White, 1951). Subsequent glacial maps of
northwestern Pennsylvania accepted Sitler (1957) without additional investigation, thereby
perpetuating the errors for nearly half a century.
This study shows that the glacial margins of Leverett (1934) were the most accurate
of all glacial margins previously published for Slippery Rock Creek basin. The till
correlations of Sitler (1957) and Shepps and others (1959) were based on sedimentological,
petrological, mineralogical, and textural analyses. Their sample location maps show no preWisconsin samples south of the town of Slippery Rock, accounting for most of Slippery
Rock Creek basin and all land west to the Ohio border, because Sitler identified little, if any,
till there. Moreover, descriptions by Shepps and others (1959) regarding the amount,
character and extent of pre-Wisconsin deposits were not backed by laboratory results from
southern Slippery Rock Creek basin and are at odds with field observations south of the
town of Slippery Rock by Leverett (1934), Sitler (1957), and this study. Therefore,
laboratory analyses of Sitler (1957) and Shepps and others (1959) are not applicable to much
of Slippery Rock Creek basin, for glacial margin mapping. The glacial maximum is
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Wisconsin in age south of the vicinity of West Liberty and Illinoian in age to the north.
Neither Leverett (1934) nor this study recognized pre-Illinoian till outcrops in Slippery Rock
Creek basin.
The Wisconsin glacial margin delimited in this study eliminated two problematic
valley glaciers, one was identified on the mid-20th century surficial map, the other was
mapped decades later but was partly based on the margins of that surficial map. The first
valley glacier was inferred to have flowed 5 km (3 mi) up Muddy Creek valley (Sitler, 1957,
Plate V; Shepps and others, 1959, Plate 1; White and others, 1969). Sitler (1957) mapped
this valley glacier without reporting any samples in or around the feature. A Wisconsin
glacial margin in Muddy Creek valley was necessary, however, at the distal point of this
valley glacier to support Preston’s (1977) chronology of Pleistocene drainage changes.
The other valley glacier reportedly flowed down Slippery Rock Creek valley
(Watson, 1989), but the dimensions were implausibly narrow and thin, given the extreme
length. The Wisconsin ice sheet extent of this study envelops the entire length of both valley
glaciers. The first valley glacier is no longer necessary to explain Preston’s (1977)
Pleistocene drainage changes. Kame deposits used to identify the second valley glacier are
better interpreted as ice-marginal runoff from the final-melting dead ice filling Slippery
Rock Creek gorge, rather than live ice of a valley glacier (Chapter 2).
Soil maps in Slippery Rock Creek basin produced after 1959 may have been affected
by the glacial margins of Shepps and others (1959). Soil maps produced prior to 1959 did
not show soils developed in till beyond any geologically-mapped glacial maximum. The
most recent Butler County soil maps show soils developed in till extending beyond the
glacial maximum of Shepps and others (1959). These soils generally occur in proglacial
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lake basins, however. Mapping till-derived soils so far south may be due, partly, to soil
scientists confusing parent material of Wisconsin proglacial lake sediments for older,
granite-free tills based on the glacial margins of Shepps and others (1959).
The errors of Sitler (1957), Shepps and others (1959), and White and others (1969)
bring into question their glacial margins along the entire southeastern Grand River Lobe.
Their margins in Slippery Rock Creek are incorrect. Their margins to the west, to the Ohio
border, lack sufficient data to justify their position, and the margins to the east, at least to the
New York border, deserve re-examination. Because Sitler’s (1957) margins west of
Slippery Rock Creek basin match White’s (1951) in Ohio, White’s Ohio margins should also
be re-examined.
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APPENDIX 1. FIELD OBSERVATIONS
This appendix contains descriptions, interpretations, and commentaries for numerous
field locations supporting the glacial margins presented in this study. The numbering system
corresponds to field notes or, on rare occasion, numbering systems used by other authors to
more easily integrate their locations. Site locations are presented geographically, from
southwest to northeast, one glacial drift at a time, followed by glacial soils erroneously
mapped beyond the most liberal glacial maximum.
Two liberties are taken. First, pre-Cambrian Canadian Shield erratics are identified
by glacial age, as are the deposits in which they occur (Wisconsin erratics, Illinoian granites,
etc.) Second, the drift nomenclature is generalized from a chain of publications consisting of
Sitler (1957), Shepps and others (1959), White and Totten (1965), White and others (1969),
and Szabo and Totten (1995) (Table 1). Sitler (1957) mapped the surficial geology of the
Wisconsin drift and an Illinoian glacial margin in Slippery Rock Creek basin, which
remained unchanged through the chain of subsequent works until this study. Shepps and
others (1959), one of whom was Sitler, subdivided Sitler’s Illinoian drift into a younger,
inner Illinoian drift, and an older, outer Illinoian drift, as well as synthesizing surficial
geology and glacial margins for all of western Pennsylvania. White and Totten (1965)
named the inner Illinoian drift as Titusville Till and assigned a Middle Wisconsin age.
White and others (1969) named the outer Illinoian drift as Mapledale Till, and assigned it an
Illinoian (?) age. Szabo and Totten (1995), working in northeastern Ohio, reassigned the
Titusville Till to Illinoian age and the Mapledale Till to pre-Illinoian age. Rather than
continually repeating these particulars, this appendix associates ages and names of drifts to
specific authors of maps (i.e. Sitler’s pre-Illinoian maximum, Shepps and other’s pre44

Illinoian drift, White and other’s pre-Illinoian Mapledale Till). In addition, this study uses
the United States Geological Survey particle size nomenclature (Guy, 1969).

Glacial Maximum
Of all previous workers, Leverett (1934) published the most accurate glacial margin
map in Slippery Rock Creek basin. Sitler’s (1957) Wisconsin and Illinoian margins were
less accurate, possibly because his research was primarily focused on till stratigraphy and
petrology. The glacial margins determined in this study (Fig. 6) are most similar to those of
Leverett (1934) (Fig. 3). South of the vicinity of West Liberty, the glacial maximum is
Wisconsin in age, whereas to the north it is Illinoian in age. No pre-Illinoian margin occurs
within Slippery Rock Creek basin, although pre-Illinoian granitic erratics occur in younger
deposits.
Wisconsin Margin
From the southwestern boundary of the basin, the Wisconsin margin lies west of
Slippery Rock Creek valley as far south as the area of Skunk Run, where the glacier crossed,
but remained close to, the valley. The Wisconsin glacier terminated against the eastern side
of the valley from a point near Skunk Run upstream to a point just south of Cheeseman Run
(Fig. 1).
Along this portion of the glacial maximum, the farthest eastward advance of the ice
was up an unnamed run on the south side of Mountville Road (Fig. 1), herein named Collett
Run, for the landowner of most of the glaciated lower section of the run. The downstream
600 m (2,000 ft) of Collett Run contains numerous Wisconsin erratic boulders.
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Collett Run flows on the south side of morainic topography. Hummocks trend
subparallel to Slippery Rock Creek valley and sub-perpendicular to Collett Run valley,
although most have too little relief to be visible on the 1:24,000 scale topographic map.
Wisconsin erratics occur upstream to the eastern extension of the hummocks, which persist
upstream to an elevation of approximately 323 m (1060 ft) in Collett Run (Fig. A-1), where
Collett Run valley widens. The surface of the hummocks has been mostly cleared of surface
boulders, except around the Collett’s house, outbuildings, and isolated trees in their pasture.
A large (1.65 m x 1.43 m x > 0.49 m)(5.4 ft x 4.7 ft x > 1.6 ft) Wisconsin erratic, partially
buried and painted brown, lies at the southeast corner of the house. Two Illinoian erratic
cobbles occur along the fence line west of the house. The barnyard contains numerous
Wisconsin and Illinoian erratics.
The Wisconsin maximum continues north of Mountville Road, along the lip of
Slippery Rock Creek valley, through a field (site 339A, Fig. A-1) marked by predominantly
Wisconsin erratics that are limited to elevations lower than approximately 329 m (1080 ft),
thus marking a short, well-defined late Wisconsin boundary in the field. Above 329 m,
residual sandstone dominates, while some angular, fresh clasts of local black shale are
present.
White and others (1969) mapped a Mapledale drift area west of State Route 488, east
of Sitler’s (1957) Wisconsin maximum, south of Cheeseman Run, and north of Mountville
Road (Fig. A-1). Their identification of pre-Wisconsin drift in this area was based on the
absence of till on the highlands and the presence of erratics along roads, which was the basis
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for mapping most of the pre-Wisconsin drift south of the town of Slippery Rock (Sitler,
1957).
Although Sitler (1957) reported erratics along roads, little of this study’s field effort
was spent examining roadsides for evidence of glaciation after learning that glacial gravel
from nearby gravel pits commonly was used as ballast for township and farm roads (personal
communications: Mr. Neil Snyder, Brady Township Supervisor, 1997; Mr. Vic Chesseman,
landowner, 1997). Some granitic erratics, ranging from sand to cobble, were observed at
some roadcuts. Snowplows and other equipment used during road remediation likely
emplaced this material above the roadbed. The use of glacial gravel as road ballast was first
addressed by White and others (1969, page 15), alerting later workers to exercise caution
when mapping along roads. White’s students, Sitler and Shepps, did not address the use of
glacial gravel as road ballast in the 1950s. Therefore, there is no evidence that they were
aware of this use of glacial gravel.
No Canadian Shield erratics occur on the uplands in this area. The surface of the
highlands commonly is littered with residual sandstone, which is sub-angular and
moderately to highly-oxidized, or very angular, shale, derived from local bedrock. Most of
the major stream valleys, Collett, Grindstone, and Cheeseman runs, are devoid of erratics
(Fig. A-1). Canadian Shield erratics are associated with the morainic topography in the
downstream 600 meters (2,000 feet) of Collett Run. A 1.0 m thick exposure of cobbly,
gravely, sandy glacial outwash was observed in a streamcut under a spoil pile in the
unreclaimed strip mine in the northern tributary to Grindstone Run, at approximately 354 m
(1160 ft).

48

Many erratics occur in the barnyard and driveway of the Twentier Dairy Farm (site
340, Fig. A-1). No “round rocks” similar to erratics were known to occur anywhere on the
highlands of the dairy farm until they were imported during the first half of the 20th Century
from a gravel pit in a kame at Polish Falcon Camp (site 72, Fig. A-1) (Harry Twentier,
landowner, personal communication, 1997). Mr. Twentier explained that he used erratic
ballast in well-traveled cowpaths because granitic erratics resisted breaking better than the
local sandstones, thereby minimizing sharp edges that damaged the feet of his herd, as well
as to minimize erosion.
Similarly, in Cheeseman Run basin, east of Pfeifer Road, the only observed Canadian
Shield erratics, many Wisconsin in age, occur on farm roads, including an abandoned lane to
some abandoned pigpens (site 305, Fig. A-1). West of Pfeifer Road, a single, fist-sized
Wisconsin granitic erratic was found. That erratic was close to Pfeiffer Road in the upper
portion of the southern tributary basin (site 68, Fig. A-1), which was part of a proglacial
lake, herein named Proglacial Lake Cheeseman.
Proglacial Lake Cheeseman occupied the southeastern portion of the basin of
Proglacial Lake Prouty (Preston, 1977). Preston suggested that Proglacial Lake Prouty
occupied portions of both Cheeseman Run basin and Slippery Rock Creek valley. Preston,
accepting the Wisconsin glacial boundary of Sitler (1957) and Shepps and others (1959),
envisioned Proglacial Lake Prouty as a pre-Wisconsin lake, created when the continental ice
sheet blocked north-flowing Slippery Rock Creek near Rose Point (Fig. A-1), prior to the
breaching of a Pliocene divide at Clelland Rock (Preston, 1977). Proglacial Lake
Cheeseman, however, occupied only Cheeseman Run basin and was created when the
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Laurentide Ice Sheet blocked the mouth of Cheeseman Run, as mapped by this author and
Leverett (1902, 1934).
The existence of Preston’s Proglacial Lake Prouty was conjectural, based on his
assumptions on drainage history and the age of Slippery Rock Creek gorge. Preston did not
locate any sediments from Proglacial Lake Prouty, although he sought them for the entire
1970 field season (A. Robert Shott, Preston’s field assistant, American Glass Research,
personal communication, 1996). Proglacial Lake Prouty may or may not have existed, but it
is not a necessary element of the story of Pleistocene drainage change in this basin.
Preston (1977) proposed that the divide at Clelland Rock existed during the
Pleistocene. This divide formed the headwaters for a proposed south-flowing Wurtemberg
Run and a proposed north-flowing McConnells Run. Preston postulated that the advancing
continental ice sheet impounded McConnells Run and created Proglacial Lake Prouty. The
proposed Proglacial Lake Prouty spillway was a col where Slippery Rock Creek valley
presently crosses the divide. Preston (1977) suggested that erosion from the spillway
overflow created the Slippery Rock Creek gorge, resulting in early Pleistocene piracy of
McConnells Run and upper Slippery Rock Creek basin, forming the drainage system that
exists today. The timing of breaching the divide may never be proven, as the evidence for
Preston’s Proglacial Lake Prouty has not been found. The glacial margins of this study and
Leverett (1934), however, suggest that the breaching was pre-Wisconsin in age and that a
Wisconsin-aged Proglacial Lake Cheeseman did exist.
The only evidence of proglacial lakes south of McConnell’s Mill (Fig. A-1) noted
during this study is restricted to Proglacial Lake Cheeseman in Chesseman Run basin and
Proglacial Lake McElwain in the valley of an unnamed run west of Slippery Rock Creek,
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whose thick silts and intermixed glacial erratics were exposed during strip mining (site A,
Fig. A-1). Proglacial lake sediments were not observed in Grindstone Run or Collett Run,
but are likely to occur.
Proglacial Lake McElwain is named, herein, for the landowners of the distal end of
the spillway into Slippery Rock Creek valley, where the discharge unroofed one of the few
deposits of older alluvium (Chapter 1), in which Monongahela soil developed (Smith, 1982).
A study of Proglacial Lake McElwain was beyond the scope of this study, as it was located
well within the late Wisconsin glacial maximum.
Of note is an area along the west end of Magee Road (sites 342-345, Fig. A-1). The
soil survey for Beaver and Lawrence counties shows a north-south trending area of Canfield
and Ravenna soils, both believed to have developed in glacial till (Smith, 1982). The
Canfield and Ravenna soils were mapped well within the Wisconsin limit and north of
Slippery Rock Creek basin, at least as far as the northern part of Lawrence County, as well as
in this area of pre-Illinoian Mapledale drift (White and others, 1969).
The surface of these soils is littered with locally-derived clasts: sandstone residuum
on the uplands and shale and sandstone colluvium on the lower slopes. One landowner lined
his driveway, pond, part of his property line, and many small features on his property with
local clasts, in three-course rock walls (site 342, Fig. A-1). All of the many thousands of
rocks in these walls are residual sandstone. Site 62 (Fig. A-1) is devoid of glaciallyemplaced erratics, but the slope along State Route 488 is armored with erratic cobbles.
These cobbles were imported from site 72 (Fig. A-1) along Cheeseman Run (Mr. Calvin
Nye, landowner, personal communication, 1997).
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No geological evidence was found to suggest that the area east of Slippery Rock
Creek valley, south of the former Polish Falcon Camp (Site 72, Fig. A-1), north of
Mountville Road, and west of State Route 488, was ever glaciated. Sitler’s (1957)
undescribed erratics, located along Mountville Road, are imported Wisconsin road ballast.
The glacial maximum crosses out of Slippery Rock Creek valley just downstream of
Cheeseman Run (Fig. A-1). Lower Cheeseman Run, from the eastern wall of Slippery Rock
Creek valley to just east of Portersville Road, has eroded a kame delta with a maximum
thickness approaching 24 m (80 ft). A gravel pit (site 64) in this kame exposes stratified
sands and gravels. Most of the granitic erratics display Wisconsin weathering. The east end
of the exposed north face shows the material oxidized to 6.7 m (22 ft) and leached of
carbonate to 3 m (10 ft). Sitler (1957) reported that Wisconsin morainic tills display
oxidation depths of 4.6 to 5.4 m (15 ft t0 18 ft), while Shepps and others (1959) reported that
Wisconsin ice-contact stratified drift (kames) were leached to depths of 2.7 to 4.6 m (9.0 to
15 ft). Oxidation at site 64 is 1.3 m (4.3 ft) deeper than Sitler’s values for Wisconsin
morainic tills, but the depth of leaching falls within Shepps and others’ limits of Wisconsin
ice-contact stratified drift. The additional oxidation is likely due to the increased
permeability of kame deposits versus the lower permeability of tills. The only alteration of
the surface of the kame at site 64 was the removal of a thin layer of topsoil in the 1950s (Mr.
George B. Cheeseman, landowner, personal communication, 1997).
Well-preserved kettles, measuring up to 12.2 m (40 ft) in diameter and 1.8 m (6 ft) in
depth, occur on the hilltop just south of the former Polish Falcon Camp (site 72, Fig. A-1).
Although the ramparts are subdued, the kettles have sharp boundaries suggesting a
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Wisconsin age (Dr. Duane Braun, Bloomsburg University and Dr. Ernie Muller, Professor
Emeritus, Syracuse University, personal communications, 1997).
The Vanport Limestone is only 0.6 m (2.0 ft) thick where exposed in Cheeseman
Run at an elevation of approximately 335 m (1100 ft), so that the Vanport Limestone is
approximately 49 m (160 ft) below the surface of these kettles. Rock outcrops show at least
13 m (40 ft) of competent sandstones and shales between the Vanport Limestone and the
base of the kame deposit. The intervening sandstones and shales and the depth to the thin
Vanport Limestone eliminate karst processes as a possible origin of these kettles. Older
aerial photos show working borrow pits on the southern fringe of the kame that were not
confused with these kettles.
Watson (1989) provided additional corroborating evidence supporting a Wisconsin
age for this kame. Watson identified Wisconsin kame terrace deposits along the rim of
Slippery Rock Creek gorge. Watson’s acceptance of Shepps and others’ (1959) glacial
margins led him to suggest that a valley glacier emplaced the kame terrace deposits.
Watson’s valley glacier was less than 300 m wide, less than 150 m thick, but more than 9
km in length (<1,000 ft x < 500 ft x > 5.5 mi). Watson (1989) envisioned a valley glacier
flowing out from a Wisconsin glacial front, 9 km (5.5 mi) to the north, near Rose Point (Fig.
A-1), then crossing Shepps and others (1959) Illinoian and pre-Illinoian glacial margins. The
presence of Wisconsin ice in Slippery Rock Creek valley beyond Shepps and others (1959)
Wisconsin glacial margin is clear, but the physical dimensions of Watson’s valley glacier
raises doubt that ice that narrow (< 300 m) and thin (< 150 m) would flow that far (> 9 km).
A kame terrace origin during downwasting of a more extensive Laurentide Ice Sheet,
however, is more consistent with Leverett’s (1934) glacial margins, which are confirmed by
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this study. Both Watson (1989) and this study (Chapter 2) describe Slippery Rock Creek
Gorge as ice-filled, but the evidence is more consistent with a valley plugged with the deadice remnant of the thicker portion of the Laurentide Ice Sheet after the thinner ice of the
highlands melted during deglaciation.
The deposits Watson (1989) described, sites 498-501, are discussed in detail in the
paleoflood reconstruction of Wisconsin meltwater (Chapter 2). All are unconsolidated sand
and gravel deposits and mapped as Loudonville Series soil, which develops in outwash,
except site 501, which was mapped as Ravenna Series soil, which develops in till (Smith,
1982). The paleohydraulic reconstruction shows that the deposits at these locations are 30 m
(100 ft) too high to have been deposited by a flood in an ice-free Slippery Rock Creek. A
more reasonable interpretation is that these sands and gravels were deposited as kame
terraces during the melting of the Laurentide Ice Sheet, which occupied that portion of
Slippery Rock Creek valley.
The Wisconsin margin continues to the north-northeast. The northwest portion of a
cultivated field on the original Clelland farm (site 317, Fig. A-1) is dominated by erratics
displaying Wisconsin weathering rinds, whereas residual sandstone clasts are the only
surface clasts in the southeast portion of the field. This boundary in the field is welldeveloped and one of the better local examples of the Wisconsin glacial maximum.
The margin crosses State Route 19 near site 314 (Fig. A-1). The Wisconsin
ornamental erratics displayed in the front yard were collected on the property (Mr. Paul
Kolesky, landowner, personal communication, 1997). In addition, a 1.5 m (5.0 ft)
Wisconsin erratic rests in a brushy area, approximately 12.0 m (40.0 ft) southeast of the
house.
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South of the margin, site 302B (Fig. A-1) lacks Canadian Shield erratics and presents
muddy slopes due to numerous seeps from shale bedrock. The area is highly colluviated,
displaying abundant small, angular, fresh, shale clasts in the colluvium. Only residual
sandstone with minor angular, fresh shale clasts occur at site 300 (Fig. A-1). Site 300
extends along both sides of the southern extension of West Park Road (south from Burnside
Road) to Lake Arthur, then along the ridge top and much of the northern slope that continues
eastward approximately 200 m (600 ft) and westward to the hilltop east of Interstate 79.
Only bedrock residuum was observed at site 301 (Fig. A-1), as well.
Continuing to the northeast, two noteworthy locations occur within the Wisconsin
glacial maximum. The first, site 315 (Fig. A-1), was previously mapped as a pre-Illinoian
drift area (White and others, 1969). Two large granitic ornamental boulders decorate the
front lawn. The larger was 1.4 m x 1.2 m x 0.8 m (4.5 ft x 4.0 ft x 2.6 ft) while the smaller
was 1.2 m x 0.7 m x 0.55 m (4.0 ft x 2.3 ft x 1.8 ft). Both boulders were brought to the
surface, from a depth not greater than 4.6 m (15 ft), during excavation of a pond
approximately 91 m (300 ft) north of the house (Mr. Ernie Dambaugh, landowner, personal
communication, 1997). The landowner specifically recalled that the boulders were covered
with sand, not mud, and were easily cleaned under a hose, suggesting that the boulders were
in a porous medium, which would have permitted weathering from groundwater circulation.
Both boulders are pink Wisconsin granite and neither was resurfaced for display. The sandy
material in which these boulders were found and their lack of weathering suggests that these
erratics are Wisconsin in age.
The second property, site 316 (Fig. A-1) is littered with granitic cobbles. A culvert
whose portals are reinforced with fieldstone riprap (Mr. Arthur Stichel, landowner, personal
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communication, 1997) crosses under a path north of Burnside Road, about 30 m (100 ft)
west of the driveway. Most of the fieldstones are Wisconsin granites. No Illinoian erratics
were noted. George White (unpublished data, archived with Stan Totten, Professor
Emeritus, Hanover College) redrew the Wisconsin margin in Muddy Creek in his original
copy of Sitler (1957), so that sites 315 and 316 lie within the Wisconsin margin. White’s
change agrees with the glacial margins of this study and Leverett (1934).
The ground surface has been modified greatly through road construction and
commercialization, along West Park Road from Burnside Road to north of Shawood Park.
Moraine State Park uses the sand and gravel pit (site 40, Fig. A-1), north of Muddy Creek
valley and west of West Park Road, for maintenance and construction. The deposit is
composed of well-stratified sand with minor gravel. A backhoe excavation below 2.0 m (6.0
ft) offered limited information because the unconsolidated sands were unstable. Only foreset
beds were exposed in the excavation. This deposit appeared to be a kame delta formed in
Proglacial Lake Watts (Preston, 1977). A S70oE flow direction was indicated by crossbedding. The 15-minute topographic map shows pre-excavation elevation of this feature to
be slightly higher than 402 m (1320 ft). All erratics are Wisconsin in age.
Another gravel pit (site 209, Fig. A-1), owned by the proprietor of Cooper
Campground and used for maintenance of roads and campsites, lies approximately 1.6 km (1
mile) to the north. The northern wall of the pit is steep, slumping, and approximately 15 m
(50 ft) high, exposing coarse sand and gravel with crude stratification. Cross-bedding and
imbrication indicate southerly flow. The predominant granitic erratic weathering rinds were
Wisconsin in age.
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The Wisconsin margin continues to the northeast, crossing over the western end of
the divide between Muddy Creek and Slippery Rock Creek watersheds, hugging the eroded
northern slope of the divide for the next 2.4 km (1.5 mi), and resulting in an undulating
boundary (Fig. A-2). Reclaimed strip mines along most of this portion of the Wisconsin
glacial maximum limit the quality of field observations, but the margin is located on the
Reichert Dairy Farm (site 357, Fig. A-2), which is undisturbed by mining. The field on the
southeast-facing western valley wall displays an abundance of Wisconsin granitic erratics to
an elevation of approximately 408 m (1340 ft), above which the field is littered with residual
sandstone clasts. No glacial gravel has been imported into this steep field (Mr. James
Reichert, landowner, personal communication, 1997). The woodline at the southwestern
corner of the valley is a repository for numerous Wisconsin granite field boulders, some over
1.0 m (3.3 ft) in diameter. East of Reichert Road (site 357A, Fig. A-2), at an elevation of
approximately 418 m (1370 ft), all ornamental rocks are angular blocks of sandstone. This
wooded lot displays no erratics.
Sites 351-356 (Fig. A-2), south of the glacial maximum, present only residual
sandstone clasts on the surface. No granitic erratics were observed along Cornelius Road.
The Muddy Creek - Slippery Rock Creek divide continues to the northeast, shifting
the Wisconsin margin to the north-northeast for approximately 1.2 km (0.75 mi), then east to
West Liberty (Figs. 7 and 8). A prominent esker is located southwest of West Liberty. The
esker is called a “hogback” by many locals and is known to geologists by several names:
Miller Esker (for the family who donated their portion of the esker to the Western
Pennsylvania Conservancy), Slippery Rock, West Liberty, or Jacksville esker (all for
geographic localities).
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The esker crosses West Liberty Road west of the intersection with Swope Road (site 16, Fig.
A-3). A garage excavation into the esker revealed three internal layers that attest to the
variability of discharge through the esker tube. The upper 1.2 m (4.0 ft) is composed of
moderately indurated, clayey sand, leached of carbonate, contains few large rounded
cobbles, and is free of clay or silt skins coating the soil pores and clast molds. The next 0.6
m (2.0 ft) is matrix-supported sand and gravel with abundant, sub-rounded to well-rounded
sandstone cobbles, with metaquartzite and Wisconsin granites erratics. This zone is leached
of carbonate and contains thin sand stringers. The lowest exposed zone is >0.6 m (>2.0 ft)
of highly-oxidized, well-sorted medium sand. While the interior of the esker contains few
normal faults, evidence of slumping, clast imbrication indicates northwesterly flow.
Prior to the filling of this esker tube, water flowed to the southeast, as evidenced by a
large delta that grew from the mouth of the esker tube into Proglacial Lake Edmund (site 17,
Fig. A-2). A water well drilled through sand and gravel to a depth of 43 m (140 ft) without
encountering bedrock (Mr. Claire Pizor, landowner, personal communication, 1995). A drill
log for this well is not recorded with the Pennsylvania Geological Survey, but the nearby
Miser well (#4288) records 44 m (145 ft) of sand and gravel above sandstone bedrock.
A small gravel pit, used for maintenance of farm roads, has been excavated northeast
of the farm buildings. The cut face is 3.7 m (12 ft) high and presents seven layers, all
oxidized and leached of carbonate, with some zones of iron-oxide cementation. Most of the
deposit is sand with middle and basal layers of gravel, showing variation in flow conditions.
Cross-bedding indicates southeasterly flow. All granitic erratics examined are Wisconsin in
age.
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Another gravel pit (site 13, Fig. A-3) in the esker was worked during construction of
I-79 to the west. The cut face displays mostly sand with thin, steeply-inclined gravel layers,
suggestive of a moulin kame. Most granitic erratics are Wisconsin in age. Site 13 is near
Sitler’s (1957, Figure 2) section 31.
Much of the area enclosed within the triangle defined by Swope, Barron, and West
Liberty roads (site 12, Fig. A-3) is part of a kame, currently being mined by Cooper Bros.
Sand and Gravel. Most of the surface is disturbed. Mining roads within this kame expose
highly-faulted layers of sand with some gravel. Most of the erratics present Wisconsin
weathering, but all observed exposures are deeper than the oxidized zone where rinds
develop. Therefore, rind development cannot be used as an indication of age at this site,
which is the probable location of Sitler’s (1957, Figure 2) section 32.
The Wisconsin margin ceases to be the glacial maximum just southwest of West
Liberty. Therefore, the Wisconsin margin to the north is based on the appearance of
Illinoian glacial deposits and erratics, not residual clasts as described thus far.
The Wisconsin margin continues to the north, generally, but lies east of Harrisville
(Fig. A-4). The surface is largely till plain from West Liberty to the town of Slippery Rock,
over which liberally scattered erratics occur (Fig. A-3). On the surface of site 369
ornamental Wisconsin erratics and non-ornamental Illinoian erratics occur. The original
source of the ornaments is unknown but they are believed to have been imported (Mr. Daniel
Dailey, landowner, personal communication, 1997), whereas non-ornamental erratics appear
undisturbed and crowning in the yard. At site 370, two erratic ornaments, located near the
garage entrance, are believed to be from the property (Mr. Steven Lindy, landowner,
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personal communication, 1997). One erratic is Illinoian granite; the other is pre-Illinoian
granite.
A roadcut at site 46, just south of the County Route 4008 bridge over Slippery Rock
Creek (Fig. A-3), exposes approximately 6 m (20 ft) of rhythmically bedded silt. An
additional 10.6 meters (35 feet) of silt was penetrated for a water well at site 47 (Mr. Croll,
landowner, personal communication, 1997), although no drilling log is recorded with the
Pennsylvania Geological Survey. This 55 ft of silt probably was deposited in Proglacial
Lake Edmund. Preston (1977) hypothesized that Proglacial Lake Edmund filled with coarse
deposits because it served as a settling pond for discharge into Proglacial Lake Watts
through the West Sunbury spillway. Exposures of similar silt occur in the creek bed at
Jennings Environmental Center (site 378A), in the valley of Big Run (sites 378B, 378C), and
along SR 108 (site 56). “Blue clay,” known to have been excavated for pottery, was located
at site 518A (Fig. A-3) (Mr. George Hartzell, landowner, personal communication, 1999).
Additional silt exposures at elevations near 350 to 366 m (1150 to 1200 ft) are likely in the
Proglacial Lake Edmund basin.
Illinoian erratics dominate at numerous locations (sites 366, 367, 400 - 402, 408, and
409) from Slippery Rock Creek to the town of Slippery Rock. Illinoian erratics dominate
within the town of Slippery Rock, as well. Within a portion of town (sites 404, 405, as well
as all the properties comprising the block due south of the intersection of SRs 108 and 173),
only three Wisconsin erratics were located, all at site 404. Landowners imported at least two
of the three Wisconsin erratics (Mrs. William Matthews, landowner, personal
communication, 1997).
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Sitler’s (1957, Fig. 2) original Wisconsin margin was just east of Rock Falls Park,
where SR 173 crosses Slippery Rock Creek, based on his interpretation that his section 37
was Wisconsin till. The accompanying Plate II (Sitler, 1957) and later maps and figures
(Shepps and others, 1959; White and others, 1969) moved Sitler’s original Wisconsin
margin to the west, closer to County Road 4008, attesting to the difficulty of assigning a
glacial age to granite deficient diamicts.
The Wisconsin margin continues northward from just west of Crestview Road, then
west of both sites 404 and 405 and the town of Slippery Rock. This Wisconsin margin
eliminates the mapped nunatak (Sitler, 1957, Plate II; Shepps and others, 1959, Plate 1) west
of the town of Slippery Rock, which is littered with Illinoian granitic boulders.
North of the town of Slippery Rock (Fig. A-3), the Wisconsin margin appears to be
topographically controlled by the divide between Wolf Creek and upper Slippery Rock
Creek watersheds. The margin crosses the divide at a point approximately 1 km (0.6 mi)
west-northwest of Forestville. The margin continues northward, skirting east of Harrisville
(Fig. A-4), remaining in upper Slippery Rock Creek basin until crossing the divide again
near the Barkeyville interchange of Interstate 80 (Fig. A-5). The Wisconsin margin remains
in Wolf Creek basin to the northern boundary of the study area, in the southeast corner of the
Sandy Lake quadrangle (Fig. A-6).
Sitler’s (1957) Wisconsin margin is essentially correct north of Harrisville (Fig. A-4)
to Interstate 80 (Fig. A-5). Sites 443C and 443D (Fig. A-5) present Illinoian erratics. Site
432 contains a pile of field boulders, which are used as a traffic barrier at the northwest
corner of the property, the intersection of SR 8 and SR 208 (Mr. George Dellich, landowner,
personal communication, 1997). Only two erratics, both Illinoian, were observed in the
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barrier. One measures 1.5 m (5.0 ft) in diameter; the other appears to be somewhat smaller
but could not be measured in the pile. Site 428A is a cornfield in which rare granitic erratics
are Illinoian in age. Site 428B has been greatly modified during construction of a trailer
park, but only Illinoian erratics were observed north of the trailers.
North of Interstate 80 (Fig. A-5), the Wisconsin margin takes a circuitous route to the
north- northwest. Sitler (1957) and Shepps and others (1959) mapped a portion of the
Illinoian drift area of this study as Wisconsin in age. There are several localities, (sites 392394, 430, 435-440, and 442), mostly plowed fields within Sitler’s (1957) Wisconsin margin,
where only Illinoian erratics were noted. The first westward appearance of Wisconsin
erratics is site 441, a plowed field southwest of Amity Church.

Illinoian Margin
The Illinoian drift area contains Canadian Shield erratics throughout Slippery Rock
Creek basin. The southernmost occurrence of glacially-emplaced Illinoian erratics in
Slippery Rock Creek basin is located along the northern boundary of the Prospect 7.5-minute
quadrangle (Fig 7), where the Illinoian drift area is narrow and occupies part of Houge Run
watershed. This area was remapped as part of the pre-Illinoian Mapledale drift area (White
and others, 1969). Shepps and others (1959, p. 20) and White and others (1969, p. 15)
described pre-Illinoian erratics as mostly metaquartzites. That description is not supported
by field observations in Slippery Rock Creek basin, however. This portion of White and
others’ (1969) pre-Illinoian Mapledale drift area displays abundant Illinoian Canadian Shield
granitic erratics. No Canadian Shield erratics or metaquartzites were observed in the
previously-mapped pre-Illinoian Mapledale drift area, south of the vicinity of West Liberty,
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except those imported for road ballast and field drainage. Therefore, this portion of the
previously-mapped pre-Illinoian Mapledale drift area south of West Liberty is unglaciated.
Sites 361, 362, and 364 (Fig. A-2) contain a predominance of Illinoian granitic
erratics. Site 362 is littered with Illinoian erratics, while site 364 contains abundant, but
fewer, Illinoian granitic erratics. South of the margin, sites 358-360, and 365 (Fig. A-2) are
devoid of granitic erratics, displaying only residual sandstone clasts in fields and woods.
Site 359 comprises a map distance of 1.6 km (1 mi), mostly north along Camelot Road.
The woodline at site 374 (Fig. A-3) contains 14 field boulders ranging from 0.8-1.2
m (2.5-4.0 ft) in diameter. All are Illinoian granites. A prominent Illinoian erratic from the
boulders at this location is a time capsule located at the corner of the Prospect Public Library
building (Mr. Neil Snyder, landowner, personal communication, 1997), attesting to the
interest in, and transport of, erratics by local residents. A single pre-Illinoian granitic erratic
at site 376 (Fig. A-3) is displayed as an ornament along the driveway. It measures > 0.9 m
(3.0 ft) in diameter and was found on site during construction (Mr. Rick Lawniczak,
landowner, personal communication, 1997).
To this point, the Illinoian margin of this study is similar to Sitler’s (1957) Illinoian
glacial maximum, which was reassigned to pre-Illinoian (White and others, 1969). A preIllinoian age was rejected, during this study, due to abundant Illinoian granitic erratics where
there should be none, according to Sitler’s mapping.
Smith (1989) mapped significant areal distributions of soils believed to develop in
till (Titusville and Gresham series) to the southeast, beyond Shepps and others (1959) glacial
maximum, as far as the northern shore of Lake Arthur (Fig. A-2). Isolated patches were
mapped as far south as the vicinity of the intersection of US Route 422 and US Route 528,
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north of Prospect (Fig. A-2). These soils, generally, are restricted to proglacial lake basins.
Smith’s (1989) soil mapping suggests that an ice sheet advanced beyond the glacial
maximum of any surficial geologists. Therefore, some of these areas were examined for
erratic clasts.
Granitic erratics of all ages are common enough in all other glacial deposits in
Slippery Rock Creek basin that soils developed in any glacial parent material should contain
some identifiable Canadian Shield erratics. Even soils developed in pre-Illinoian deposits
should contain some granitic erratics. Pre-Illinoian clasts that have been incorporated into
younger drift experienced some protection from weathering, but the time span of that
protection was no more than 33% and as little as 11% of the time since pre-Illinoian
deposition, based on age estimates by Lowell and others (1990), Braun (1996), and Johnson
and others (1997). In addition, pre-Illinoian high terrace gravel deposits beyond the glacial
maximum have been afforded little protection from weathering and have survived (Lessig,
1959, 1961).
Sites 268-273 (Fig. A-5) were mapped as having soils developed in glacial till
(Smith, 1989). The roadcut at site 268 is approximately 1.8 m (6.0 ft) high, the lower half is
fine-grained, shaley sandstone and black shale bedrock. Bullet-shaped erratics and local
sandstones occur in ditches along both roads at this intersection in all four directions. Based
on weathering rinds, most granitic erratics are Wisconsin in age, although a few Illinoian
erratics occur. A metaquartzite erratic, containing highly-oxidized, black minerals, and a
faceted, fresh, white, non-oxidized, bullet-shaped local sandstone cobble were found next to
one another in the upper 0.45 m (1.5 ft) of the roadcut. These two clasts might indicate that
there was glaciation at this intersection but the upper surface of this intersection was
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disturbed by both the power company, when setting power poles, and the township, for road
construction. Road ballast was moved about so as to appear anywhere, even on the upper
surfaces at this intersection (Mr. Neil Snyder, Brady Township Supervisor, personal
communication, 1997). Mr. Snyder further asserted that glacial gravel has been imported
from gravel pits west of Slippery Rock since the late 1940s for construction and maintenance
of most local roads. This testimony explains the presence of the fresh, bullet-shaped
sandstone and Wisconsin granites at this intersection, but nowhere in nearby undisturbed
areas.
Wisconsin erratics were noted at Site 282 (Fig. A-2) in the ditches along West
Liberty Road and, more commonly, on nearby farm roads. The township and landowners
imported these erratics (Mr. Neil Snyder, landowner, personal communication, 1997). The
cultivated fields are extremely rocky, littered with residual sandstone gravels and cobbles
and devoid of erratics, except on the field roads.
Site 272 at Lake Arthur Campground occupies an area mapped as Gresham and
Titusville soils (Smith, 1989). Most of the surface, a number of bucket-auger holes, shallow
shovel test pits, and nearly 1 km (0.6 mi) of backhoe-dug drainage ditches were examined
for erratics. The soil was channery, sandy loam and approximately 0.74 m (2.4 ft) deep.
The channers were residual sandstone with a minor amount of residual shale. These
channers were noted in abundance on the surface with minor sub-angular to sub-rounded,
blocky limestone derived in situ from local bedrock. Some blocks of fresh sandstone,
measuring approximately 1.0 m (3.3 ft), occur in the unnamed, north-flowing, intermittent
stream in the northern portion of the campground. These blocks have been moved around
the grounds, primarily for road barriers (Mr. Andy Walter, landowner, personal
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communication, 1997). Many of the campsites are decorated with three-course cobble walls
marking boundaries and firepits. Not a single erratic or glacially-modified locally-derived
rock was found in the thousands of rocks in these walls, or in any other investigation of this
property.
More soil supposedly developed in till was mapped at site 269. Surface rocks are not
abundant north and west of the strip mine, owing to the wet nature of this site and abundant
silt accumulation. All surface rocks are highly-weathered to totally rotten sandstone. No
erratics or glacially-modified rocks were observed. Closer to the margin, sites 365 (Fig. A2), 375, and 377 (Fig. A-3) are devoid of surface rocks. Augering produced only residual
sandstone gravel.
The margin continues to the north, skirting the hills south and west of Slippery Rock
Park, then to the northwest on the east side of Daugherty’s Mills, then swings to the west
through the town of Slippery Rock (Fig. A-3). Illinoian erratics occur at site 396, while only
residual bedrock clasts were located at sites 139, 379, 395, 397, and 398, although some
ornamental erratics were imported at site 397 (Mrs. Sandy Henricks, landowner, personal
communication, 1997).
Continuing to the north (Fig. A-3), the Illinoian glacial maximum appears to have
been impeded by hills on the east side of Slippery Rock Creek valley. At sites 380-384 (Fig.
A-4), only residual sandstone clasts occur, although imported erratic ornaments are present
at sites 381 and 382. The ornaments at Site 381 were collected near the town of Slippery
Rock and SR 8 to the west (Mrs. John Balint, landowner, personal communication, 1997).
The weathering rinds of the ornaments range from Wisconsin to pre-Illinoian, but are
predominantly Illinoian in age. The ornamental erratics at site 382 present Wisconsin
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weathering rinds, but were imported from an unknown location (Mrs. Robert Hodil,
landowner, personal communication, 1997).
Site 385 (Fig. A-3) is located within the northern of two patches of woods that
protrude into a cultivated field. This wood lot contains thousands of small, residual
sandstone boulders and five Illinoian granitic erratics. These poorly sorted and stacked
boulders are likely fieldstones, as the fields on both sides of the woods, generally, are free of
rocks larger than small gravel. This accumulation of boulders is so atypical of this area that
it was highlighted in McCorry’s (1970) discussion of the natural beauty of Butler County.
Although McCorry presented anecdotal evidence that this accumulation of rocks pre-dates
the first pioneers, having been moved by native Americans, there is some question as to the
veracity of the evidence (Dr. Robert Davis, Professor Emeritus, Slippery Rock University,
personal communication, 1997). No similar accumulation of rocks was noted on the
surrounding properties.
These sandstone boulders are areally restricted to near the bank of Slippery Rock
Creek and reminiscent of a weathered exposure of bedrock. Only the five Illinoian erratics
offered any indication of glaciation. A more likely explanation for the appearance of the
Illinoian erratics, which occur in close physical proximity to one another, is that they were
ice-rafted to this location. Site 385 (Fig. A-4), with elevations ranging from 387 to 390 m
(1270 to 1280 ft), is located on the east bank of Slippery Rock Creek, approximately 2.5 km
(1.5 mi) east of the Illinoian maximum of this study, the easternmost location of the ice dam
for Proglacial Lake Edmund. The east bank of a stream valley or the west side of a hill
would be a likely location where icebergs would ground, having been driven by prevailing
westerlies or katabatic winds.
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Sites 410-417 (Fig. A-4) contain more supposed glacial soils, which are devoid of
surface erratics or other glacially-modified rocks, but are mapped beyond the geologicallydetermined glacial maximum (Smith, 1989). The most common surface rock type is residual
sandstone gravels and cobbles.
Sites 513-524 (Fig. A-3) were mapped within the pre-Illinoian Mapledale drift area
(White and others, 1969). Site 513, with an approximate elevation of 405m (1330 ft), is the
location of the typical Titusville Series soil in Butler County, albeit a small pedon
encompassed in a much larger deposit of Gresham soil (Smith, 1989). Few surface rocks
occur because much of the surrounding area has been groomed for a Slippery Rock
University practice football field and, therefore, this area is not representative of local
Titusville soil surfaces. The surface rocks are residual sandstones. A bucket auger
encountered silty soil that was mottled below 0.15 m (0.5 ft) and a water table at 0.6 m (2 ft).
Only two pebbles were retrieved, both residual sandstone.
Site 514, with elevations ranging from approximately 308 to 403 m (1248 to 1325
ft), is the McCloskey Center of Slippery Rock University. The soils are silty and poorlydrained. The surface around the buildings contains imported rocks: very angular limestone
gravel in the driveway, Wisconsin glacial gravel as the foundation of the solar panel, and
three granite boulders. Two boulders are Wisconsin in age, while the surface of the third
erratic has been modified into an angular, fresh exterior, removing all evidence of
weathering. In addition, numerous residual sandstones have been used in landscaping, most
of which were obtained during excavations on the property (Mr. Chris Hill, Slippery Rock
University, personal communication, 1999).
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The ground surface just east of the main building is relatively free of rocks, but the
few clasts are residual sandstone. A single Wisconsin granite gravel was found on a walking
path, however. Piles of fieldstones just inside a woodline, with approximate elevations of
387 to 390 m (1270 to 1280 ft), marks the eastern property line. All of the hundreds of small
boulders in these piles are residual sandstone. The wooded area, with approximate
elevations of 379 to 390 m (1245 to 1280 ft), displays residual sandstone clasts high on the
slopes, but abundant well-rounded sandstones, some metaquartzites, and few Illinoian
granitic erratics in the valley of the unnamed tributary to Slippery Rock Creek. This
tributary heads near the Illinoian margin and the well-rounded gravels and cobbles are
outwash.
Site 515, with elevations ranging from approximately 402 to 405 m (1320 to 1330
ft), is a small wooded lot, with trees probably less than 30 years old, and poorly-drained silty
loam soil. The surface is nearly devoid of rocks but all those observed are residual
sandstones.
Site 516, with elevations ranging from approximately 424 to 427 m (1390 to 1400 ft)
is a former dairy farm presenting a significant population of granite erratics. All erratics
outside of the paddocks were imported for landscaping, but those within the paddocks were
thought to have been glacially emplaced (Mr. Paul Suorsa, landowner, personal
communication, 1999). Two paddocks are south of the larger barn and two are to the west.
The southern paddocks contain abundant well-rounded river gravels, some of which are
Wisconsin granite, while the western paddocks only display residual sandstone. The
Wisconsin age and restricted areal distribution suggest that a previous landowner imported
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the glacial gravel in the paddocks. Site 516 is reminiscent of site 340 (Fig. A-1), the
Twentier Dairy Farm, where rounded gravel was imported to protect the hooves of the herd.
Site 517, with approximate elevations between 405 to 430 m (1330 to 1410 ft), is the
likely site of Sitler’s (1957, Figure 2) section 63, the only Illinoian section he described
(Sitler, 1957, p. 34-35) and the only section for which laboratory analyses were reported
(Sitler, 1957, Appendix A) (Table A-1).
The unreclaimed mine was stripped for coal in the 1930s, clay in the 1950s, and will
be mined for limestone in the near future (Mr. Harold McDowell, landowner, personal
communication, 1999). The field south of the mine was stripped for limestone in 1995.
Abundant Wisconsin granitic erratics occur in the lawns, around outbuildings, and along the
entire length of McDowell Lane. Wisconsin gravel was imported for road ballast,
construction, and maintenance from the Cooper Bros. gravel pit in the esker west of SR 173,
3.2 km (2 mi) north of the town of Slippery Rock (Mr. Harold McDowell, landowner,
personal communication, 1999). Mr. McDowell reported that mine operators imported
truckloads of glacial gravel, as well, but evidence of that gravel was not found during this
study, however.
Most fieldstones in the southern field are residual sandstone, although a few
Metaquartzites and Illinoian erratics occur. No pre-Illinoian granitic erratics were noted. No
exposure similar to that reported by Sitler (1957, p. 34-35) exists today. Sitler did not
describe the specific location of the exposure within the strip mine, which is larger than
shown on the most recent 7.5 minute quadrangle (Fig. A-3).
Sitler’s stratigraphy description at section 63 is not diagnostic enough to unequivocally
identify the lower gravels of Unit 1 and Unit 3 as till (Table A-1). Sitler was experienced in
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microfabric analysis of local tills (Sitler and Chapman, 1955), however, no petrographic
evidence was forthcoming in Table A-1. Most of the stratigraphy is characterized by sand.
Some sub-units were stratified, grading laterally into gravels, which were suggested to have
incorporated outwash.
Sitler’s Unit Descriptions (Table A-1) do little to support his Material identifications.
Based on these descriptions, the lower gravels of Unit 1 and Unit 3 could be outwash or
colluviated outwash. In addition, it appears that Sitler relied on color and correlation to other
deposits (Fig. A-7) to determine an Illinoian age at location 63. Sitler’s (1957) location map
shows that the correlated locations were selected most advantageously and do not represent a
linear cross section, either parallel or perpendicular to the glacial front (Fig. A-8). Sitler did
not describe soil development at section 63. Therefore, the generalized colors that he noted
may not have been soil colors but parent material colors or oxidation colors from a
fluctuating groundwater table. Oxidation may only supply information regarding parent
material permeability and groundwater chemistry, not necessarily age. Nearby Long Run
(Site 518 A) presents slightly-oxidized brown (10YR 5/3) Holocene sand that grades upward
into highly-oxidized dark red (2.5YR 4/6-8) Holocene sand just beneath the ground surface.
Granitic clast weathering, which none of George White’s students addressed, was the only
technique used in Slippery Rock Creek basin to assign age to glacial deposits,
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Table A-1: Sitler's (1957, p. 34-35) description of the stratigraphy at location 63.
Unit No.
(D'Urso)
1

2

Unit Name
(Sitler)
Illinoian "A"

Pro-Illinoian
"A"

Material
Unit Description
(Sitler)
(Sitler)
Soil
Sandy, silty loam.

Thickness Thickness
(meters)
(feet)
0.15
0.50

Soil

Sandy loam, yellow brown,
moderately pebbly.

0.30

1.00

Soil

Sandy, clayey loam, moderately
pebbly, orange brown manganese
coatings mottled with gray green
toward base. Compact crude
horizontal structure.
Pebbly toward base

0.46

1.50

Till

Much weathered, manganese
coatings, yellow brown, sandy, silty
grades laterally into
gravel material.

0.51

1.66

Till

Gravely, brown, few pebbles,
oxidized unit at base may be
incorporated outwash.

0.46

1.50

Deformational contact with relief

0.61

2.00

2.74

9.00

Upper 0.43 m (1.42 ft) is oxidized,
sparingly pebbly, lower 0.43 m
(1.42 ft) is weakly calcareous,
olive gray, sandy.

1.42

4.66

Oxidized along top.

0.51

1.66

Sand

Fine, yellow brown, upper half
massive, lamination in lower half,
color changes indicate different
lithologies between upper and
lower portions.

3

Illinoian "B"

Till

4

Pro-Illinoian
"B"

Gravel
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prior to the 1950s. It would have been useful to see if a link exists between the colors
described by Sitler and clast weathering.
Sitler (1957) did not describe pre-Illinoian deposits in section 63 (Table A-1). The
gravel in Unit 4 is older than Unit 3, although Unit 3 was not shown as the base of Illinoian
deposits. Shepps and others (1959, p. 20) described pre-Illinoian deposits as “ ... very rare
patches of thin till and oxidized gravels.” Based on Sitler’s (1957) descriptions, there is as
much connection between the pre-Illinoian gravel description of Shepps and others (1959)
and the gravels of Unit 4 as there is between the gravel description of Shepps and others
(1959) and the “gravel material” in the upper till of Unit 1 (Table A-1).
George White’s annotated copy of Sitler’s thesis (archived with Dr. Stan Totten,
Professor Emeritus, Hanover College) contains an annotation on the reverse side of Figure 6.
Part of the annotation, presumably White’s, states that these results represent upper Illinoian
till, which was likely due to Sitler’s avoidance of oxidized material for his sedimentological
analyses. Sitler’s tills descriptions (Table A-1) list the two tills in Unit 1 as weathered,
however. For whatever reason, Sitler’s reporting of sedimentological analyses was selective
and does not represent a sufficient comparison between his perceived Wisconsin and
Illinoian tills.
Site 518, with approximate elevations between 378 to 411 m (1240 to 1350 ft), is a
large working dairy farm, with poorly drained soils. Areas heavily trodden by the herd
display abundant Wisconsin granitic erratics. Truckloads of glacial gravel ballast and fill
were imported from the Swope Road kame (site 12, Fig. A-3) during the 1940s through the
1960s for erosion control and drainage (Mr. George Hartzell, landowner, personal
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communication, 1999). In addition, ballast exposed on the sides of the barn ramp is
composed of residual sandstone boulders, which are characteristic of fieldstones on the
property.
The field between sites 518 and 517 is mostly devoid of rock but those present are
residual sandstone. A freshly dug drainage ditch in the field showed a french drain of
Wisconsin glacial gravel. This use of imported glacial gravel was commonplace for
generations (Mr. George Hartzell, landowner, personal communication, 1999).
Northeast of the Hartzell farmhouse, above an elevation of approximately 390 m
(1280 ft), residual sandstones are common in Gresham soil, but glacial erratics or glaciallymodified local rocks were not observed. Below 390 m, the soil was mapped as Wheeling
series, which is believed to developed in outwash (Smith, 1989). Abundant well-rounded
clasts and a high sand content characterize Wheeling soil at this location. Glacial erratics are
far less common than local rocks but Illinoian and pre-Illinoian granitic erratics do occur.
Site 518A, at an elevation of approximately 369 to 380 m (1210 to 1280 ft), displays
21 m (70 ft) of outwash. Holocene alluvium, up to 1.2 m (4 ft) thick, on the valley floor is
composed primarily of sand with some gravel. Long Run meanders through the valley with
a cobble and gravel bed. These bedload deposits are thin; locally the stream has exposed
Proglacial Lake Edmund silts. The Holocene sands are oxidized grading from brown (10YR
5/3) near the base of the streamcut to dark red (2.5YR 4/6-8) just beneath the ground surface.
Site 519, at an approximate elevation of 413 m (1355 ft), displays abundant residual
sandstone clasts. Residual sandstone comprises all of the rockwork, including a freestanding barbeque with chimney, house chimney, elevated portion of the driveway leading
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into the garage, the remnant of a barn ramp, as well as all clasts in a small garden. No
erratics or glacially-modified local rocks were noted.
Site 520, at an approximate elevation of 378 m (1240 ft), is a reclaimed strip mine
east of Quail Run Lane. West of the lane, a significant amount of rock has been used for
landscaping around the house and under a pool deck. All rocks, except one, were very
angular to angular, fresh to moderately-oxidized sandstone or very angular to angular, fresh
limestone, all gathered from the reclaimed field (Mrs. Robb, landowner, personal
communication, 1999). A single Wisconsin granite boulder was located under the steps to
the house. The boulder was collected just south of Branchton Road, in the stream,
approximately 610 m (2000 ft) northwest of the house (Mrs. Robb, landowner, personal
communication, 1999). The original location of the boulder is now fill used for trailer
homes foundation pads. The erratic probably was imported with the fill or Branchton Road
ballast.
Site 521, at elevations ranging from approximately 381 to 393 m (1250 to 1290 ft), is
a wooded lot, behind two homes, that presents few surface rocks, most of which are located
in two piles. All field stones are residual sandstone. Similar sandstone gravels occur in the
backyards but are scattered and rare. The dry gully between the homes displays abundant
well-rounded to sub-rounded sandstone gravel. The disturbed surface of a recently filled
trench leading from the gully to the southern house displayed only sandstone gravels.
Gravels low on the slopes, near the gully, are well-rounded but become sub-angular upslope
toward the house. The gravel appears to be naturally-occurring and no granitic erratics or
glacially-modified rocks were noted on the property.
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Site 522, ranging in elevation from approximately 381 to 383 m (1250 to 1260 ft), is
a construction site for two new homes. When visited, the grounds were not manicured and
the soil was thin sandy loam. The surface was littered with large (> 1.8 m: 6.0 ft) blocks of
residual sandstone excavated for the building foundations. The undisturbed soil is less than
0.6 m (2.0 ft) deep and displays only residual sandstone clasts. Two large tree throws
revealed only residual sandstone clasts. No erratics or glacially-modified rocks were noted
on the property.
Site 523, ranging in elevation from approximately 399 to 401 m (1310 to 1315 ft), is
the Slippery Rock Sportsman’s Club. Most of the property is wooded but some has been
cleared. The soil appears poorly drained, silty and nearly devoid of fieldstones, even in
wooded sections. Fieldstones have been used for construction of a small artificial waterfall
and a free-standing barbeque. All rocks in these structures and the few found on the surface
are residual sandstone. In the woods, a large four-trunk tree throw showed similar residual
sandstone gravel. No erratics were noted on the property.
Site 524, with an approximate elevation 402 m (1320 ft), is a cultivated field south of
the north-south lane. Around the southernmost home, Wisconsin glacial gravel has been
imported. A small, neat pile of smooth, well-rounded granite and sandstone gravel is located
approximately 50 m (150 ft) south of the house, just within the field and likely the work of
the young children living in that house, who were engaged in a similar activity at the time. If
these rocks were forgotten and not removed from this field they would be incorporated into
the soil during the next plowing, and appear to be naturally-occurring, unless weathering was
taken into account. Across the lane, a single Illinoian granitic erratic cobble was found near
a newly-erected telephone pole, which was set using glacial gravel for support.
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The soil in the field appeared to be poorly drained and sticky. The field displays a
significant amount of residual sandstone gravel. No granitic erratics or glacially-modified
local rocks were found.
Regarding sites 513-524, this portion of the previously mapped pre-Illinoian
Mapledale area (White and others, 1969), east of the town of Slippery Rock, contains some
glacial erratics on the highlands. Overall, there are far fewer erratics than observed in
Wisconsin or Illinoian drift areas but, where present, they occur in significant abundance.
All granitic erratics observed east of the town of Slippery Rock, but west of SR 8, were
Wisconsin or Illinoian in age, however. Almost all granite erratics were interpreted as
having been imported by man, as specific parcels of land have been identified as having
received imported glacial gravel for farm and mining roads. If some of these erratics were
glacially deposited, that glaciation was no older than Wisconsin in age. No pre-Illinoian
granitic erratics were noted on the highlands.
Any glaciation in this area would have deposited significantly more erratics than
occur in any Mapledale drift areas in Slippery Rock Creek basin. It is significant that most
surfaces with an elevation greater than 399 m (1310 ft) are devoid of erratics, but almost all
of the glacial gravel above 399m (1310 ft) has been shown to have a history of landownerimported gravel.
The area east of the town of Slippery Rock is in Proglacial Lake Edmund basin.
Some Illinoian areas mapped by Leverett (1934) and Sitler (1957) and Mapledale drift by
White and others (1969) would have been within the boundaries of Proglacial Lake Edmund
as the lake extended westward during deglaciation. The elevation of the spillway at West
Sunbury shows the minimum elevation of Proglacial Lake Edmund during the glacial
84

maximum was no lower than 399 m (1310 ft). Therefore, erratics lower on the landscape
may have been ice-rafted as far east as West Sunbury. In the proglacial lake sub-basins of
Slippery Rock Creek basin, isolated or scattered occurrences of erratics cannot be considered
absolute evidence of glaciation, unless the erratics are associated with till. The sill of the
West Sunbury spillway, in all likelihood, has eroded to its present elevation. Therefore even
erratics somewhat above 399 m (1310 ft) may have been ice-rafted.
Smith (1989) mapped abundant soils, believed to be developed in glacial deposits
within the Mapledale and Titusville drift areas of White and others (1969), where Sitler
(1957) reported there was no till and Shepps and others (1959) reported tills were thin
(Titusville) or rare (Mapledale). Part of the reason that so much glacial soil was mapped in
the pre-Wisconsin drift areas, as well as beyond, may be that the location of the typical
Titusville soil in Butler County (site 513, Fig. A-3) is actually located in unglaciated terrain.
At an elevation of 405 m (1330 ft), site 513 would have been inundated by shallow water of
Proglacial Lake Edmund, given no more than 6 m (20 ft) of erosion at the West Sunbury
spillway, or isostatic warping. In addition, the presumed glacial soils do not appear to be
mapped beyond Slippery Rock Creek basin. Fine-grained proglacial lake deposits
accumulated above the silty lake bottom throughout the basins of Proglacial Lake Edmund
and Proglacial Lake Watts. Only two soils believed to have developed in proglacial lake
bottom silts, Canadea and Canadice, are listed in the Butler County soil survey (Smith,
1989). Neither soil appears to have been mapped above 372 m (1220 ft) and most
occurrences appear to be lower than 366 m (1200 ft), 27 m (90 ft), below the minimum
water surface elevation of Proglacial Lake Edmund. In contrast, soils developed in glacial
till were mapped widely in the proglacial lake basins.
85

The surface of some glacial soils mapped by Smith (1989) beyond the more liberal
glacial maximum of Shepps and others (1959) were examined in this study. Sites 410-417
(Fig. A-4) are devoid of surface erratics and other glacially-modified rocks. Surface clasts
are residual sandstone gravels and cobbles.
Continuing to the north, crossing Slippery Rock Creek near Rock Hill Camp, the
surface at sites 257, 258, and 261 (Fig. A-4) shows only residual sandstone clasts. Site 258,
an excavation for a new residence, displays 1.3 m (4.2 ft) of local colluvium under 0.2 m
(0.7 ft) of sandy loam soil, typical of the residual Hazelton series (Mr. John Bender,
Pennsylvania General Services Administration, personal communication, 1997). At site
261, near the southwest corner of the barn, a bucket auger recovered 0.45 m (1.5 ft) of coal
at the surface and over 0.45 m (1.5 ft) of underclay. During the 1950s, this outcrop was the
location of a small, family-worked coal pit and the surface was modified only slightly during
construction of the barn in 1990 (Mr. Ron Houston, landowner, personal communication,
1997). The outcrop behind the barn displays more channery, sandy soil similar to the
Hazleton soil at site 258.
Sites 386, 388-391, 418, 424, 484, and 485 (Fig. A-4) were beyond any geologicallymapped glacial maximum, but Smith (1989) mapped them as soils developing in till. Most
of these sites are characterized by clasts of locally-derived bedrock. No erratics or glaciallymodified local rocks were located at any of these sites, other than outwash or those
confirmed as imported by man.
Sites 386, 388, and 389 are either adjacent to or within strip mines. Site 386 was
being reclaimed during this investigation. An examination of soil stockpiles showed only
fresh and residual sandstone clasts. At site 388 unweathered, very angular shale clasts occur,
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as well as residual sandstone clasts, although the residual clasts are in less abundance than at
site 386. Blacks Creek (Fig. A-4) is choked with sediment, including cobbles and boulders
of local sandstone. Site 389 presents only angular sandstone clasts, some of which are fresh
from the mining operations, while some are more weathered. Surface rocks always were
remembered as angular sandstone, such as those used for yard ornaments (anonymous
landowner, personal communication, 1997).
Site 390, with an approximate elevation of 390 m (1280 ft), contains ornamental
erratics, which were imported from a gravel pit west of the town of Slippery Rock (Mr.
William Black, landowner, personal communication, 1997). Mr. Black excavated “many”
backhoe trenches for neighbors along Black Road but never encountered granite, or even
rounded clasts, above the floodplain in this reach of Blacks Creek. Examination of the
surface of site 390 supported this claim.
Smith (1989) mapped site 391, with elevations ranging from approximately 365 to
370 m (1200 to 1220 ft) as Fredon series, believed to develop in glacial outwash. A handful
of granitic erratics and bullet-shaped sandstones, ranging from small to medium gravel, were
located in soil excavated from a natural gas line trench within 3 m (10 ft) of the residence.
The granitic erratics displayed weathering typical of Wisconsin, Illinoian, and pre-Illinoian
deposits. The current residents have imported angular limestone gravel, although there were
rounded gravels used in landscaping prior to their purchase of the property (Mrs.
Schoonover, landowner, personal communication, 1997). The inclusion of pre-Illinoian
gravel with Wisconsin and Illinoian gravel dictates that either the deposit is no older than
Wisconsin or the erratics were imported by man. No other erratics or glacially-modified
rocks were found on the property. Pre-Illinoian granitic erratic gravel probably would have
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been resurfaced or destroyed if transported as outwash. Therefore, these five gravels are
considered to be man-imported, although outwash gravels are likely to be found at site 391.
Site 418A, with elevations ranging from approximately 411 to 417 m (1350 to 1370
ft), is a cultivated field displaying only small, angular, tabular, oxidized sandstone clasts
derived from local bedrock. The woodline contains similar, but larger, sandstone clasts.
Site 424, with elevations ranging from approximately 375 to 381 m (1230 to 1250 ft),
displays well-rounded Illinoian erratic pebbles in a sandy loam soil behind the house and in
the garden. Those erratics are outwash located on a terrace of North Branch Slippery Rock
Creek, which heads within the Illinoian margin.
Site 484, at an approximate elevation of 366 m (1200 ft), displays small residual
sandstone boulders scattered in the woods east of the house. This site is a terrace covered
with alluvial material, although it was mapped as Gresham series soil, which develops in till
(Smith, 1989). Site 485, at an approximate elevation of 376 m (1230 ft), also mapped as
Gresham series soil, has a mantle of uniform alluvial sand beneath a sandy loam soil. No
surface rocks occur in the field south of the house. Sediment in the unnamed stream to the
west is primarily very angular, tabular sandstone, less than 0.2 m (0.5 ft) in the intermediate
axis, although a few larger and better rounded clasts of limestone occur, as well as some
coal. No Canadian Shield erratics were observed.
Site 418, with elevations ranging from approximately 378 to 384 m (1240 to 1260
ft), is near a reclaimed strip-mine, but was undisturbed. A deteriorating, multi-course wall
of local surface rocks, which pre-dates stripping, marks the western property line (Mr.
Michael Polanich, landowner, personal communication, 1997). This wall is composed of
residual sandstones. No erratics or glacially-modified local rocks were observed.
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Only residual sandstone clasts occur in areas to the west mapped as residual soils
(Smith, 1989). Site 419, with elevations ranging from approximately 396 to 421 m (1300 to
1380 ft) contains a rock wall similar to that at site 418. This wall, also, is composed of
residual sandstone clasts.
Sites 420, with elevations ranging from approximately 384 to 390 m (1260 to 1280
ft) and 421, with elevations ranging from approximately 390 to 396 m (1280 to 1300 ft), are
cultivated fields that display residual sandstone, typical of locations east of the Illinoian
glacial maximum of this study. Site 422, with elevations ranging from approximately 365 to
371 m (1200 to 1220 ft), is located on the west floodplain of McMurray Run and displays
two huge blocks (>7.6 m: >25 ft) of sandstone, that colluviated onto the front yard. Wellrounded Illinoian granitic pebbles that came from McMurray Run are used as ornaments on
the west side of the house (Ms. Bell, landowner, personal communication, 1997).
McMurray Run heads well within the Illinoian margin; therefore, these erratics likely are
outwash.
Most of site 423, with elevations ranging from approximately 375 to 381 m (1230 to
1250 ft) is beyond the Illinoian maximum of this study, except for the western limit of the
site, which contains only residual sandstone. A single 0.9 m (3.0 ft) diameter Illinoian
granitic erratic is located in an intermittent stream draining the northern hayfield within the
Illinoian glacial maximum.
More locations (Sites 425, 426, 433, and 479-481) to the north, in the Barkeyville
quadrangle (Fig. A-5), were mapped as soils developed in glacial parent material (Smith,
1989) but are located beyond any geologically-mapped glacial maximum.
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The only erratic at site 425, with an approximate elevation of 396 m (1300 ft), is
located at the entrance of the driveway. The long axis of this Wisconsin granite ornament
measures 1.2 m (4.0 ft) and was imported from Prairie Street, west of Harrisville (Mr. Paul
Pierce, landowner, personal communication, 1997). No other erratics or glacially-modified
rocks occur elsewhere on the property. Only residual sandstones and rare limestone and
shale clasts, all typical of local bedrock, were observed. Site 426, with elevations ranging
from approximately 384 to 402 m (1260 to 1320 ft), has been reclaimed from coal and
limestone mining. The surface is littered with a mixture of fresh, angular clasts of
sandstone, limestone, and coal. The surface clasts are much the same as prior to mining,
although more angular and in greater abundance; no granite similar to the erratic at site 425
was ever known to be present (Mr. Paul Pierce, former landowner, personal communication,
1997).
Site 433, with elevations ranging from approximately 383 to 396 m (1255 to 1300
ft), is a farm extending across Blacks Creek. The woodline on the east side of Blacks Creek
contains hundreds of gathered fieldstones; all are residual sandstone. Most are blocky, but
many are tabular. The average length of the long axis is 0.4 m (1.3 ft). No erratics were
observed. Site 478B, with elevations ranging from approximately 366 to 378 m (1200 to
1240 ft), is a farm that was stripped for coal north of Polham Road. The surface displays
only residual rocks. Two faceted sandstones were found protruding from the shallow (0.5
m: 1.5 ft) roadcut on the north side of Polham Road, however. One was a well-rounded,
fine-grained, unoxidized, soft, white sandstone, whereas the other was a well-rounded,
medium-grained, moderately to highly oxidized, hard sandstone. Both were extracted from
the upper 0.3 m (1.0 ft) of the roadcut. Only residual sandstones were found in shallow pits
90

in the hayfield south of Polham Road. The proximity of these faceted sandstones near the
road and the lack of any similar rocks elsewhere on the property is reminiscent of road
ballast described at site 258 (Fig. A-4).
At site 480, with elevations ranging from approximately 372 to 402 m (1220 to 1320
ft), most of the surface material was angular to sub-angular sandstone gravel, except in the
woods near the valley of Blacks Creek. The woods contains rocks cleared from the fields
(Mrs. William Patton, landowner, personal communication, 1997), and is mantled with large
boulders of residual sandstone, commonly over 0.9 m (3.0 ft) along the long axis, and
displays large exposures of sandstone bedrock on the valley slope into Blacks Creek. Five
shallow pits east of the barn south of Patton Road showed a concentration of sub-rounded
sandstone and angular coal just below the surface. Across the intermittent drainage in the
center of the property, then upslope to the south, the sub-rounded sandstone clasts were
replaced near the surface by similar but slightly more angular sandstone clasts. Excavations
in the prominent bar in the intermittent stream, just south of Patton Road, showed that the
bar was composed of similarly-shaped sandstone. In the stream at the south end of the
culvert under Patton Road a single 0.2 m (0.8 ft) bullet-shaped cobble of metaquartzite was
found. The only time similar material was witnessed on the property was when the township
used it for the construction of the culvert and the roadbed during the relocation of Patton
Road (Mr. and Mrs. William Patton, landowners, personal communication, 1997).
At site 481, with elevations ranging from approximately 372 to 386 m (1220 to 1265
ft), the surface displays many large blocks of sandstone 4.6 m (15.0 ft). These blocks are
remnants of the upper portion of the massive sandstone exposed in the > 4.6 m (15.0 ft)
vertical face southeast of the house. A similar sandstone bedrock exposure is the probable
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source for the sandstone boulders in the valley of Blacks Creek, east of site 480. Site 483,
with elevations ranging from approximately 375 to 386 m (1230 to 1265 ft), is strewn with
large blocks of sandstone similar to those at site 481. The blocks are so large and common
at this site that they are occasionally sold to a stone mason, who blasts and cuts them on the
property (Mr. Wayne Van Dyke, landowner, personal communication, 1997). A local
attraction known as Donaldson’s Rocks, located up the tributary to Blacks Creek southeast
of site 483, displays outcrops of the same bedrock formation seen at site 481, but the vertical
faces are up to 18.0 m (60 ft) high. No erratics or glacially-modified clasts were observed at
sites 481, 483, or Donaldson’s Rocks.
Smith (1989) mapped sites 427, 434, 448, and 449 as having glacial soils. Only site
427 displays erratics. The surface clasts at site 427, with an elevation of approximately 378
m (1240 ft), are mainly residual sandstone clasts of varying size and shape. There are wellrounded Wisconsin and Illinoian granitic river gravels near the house, however. The erratics
are outwash from North Branch Slippery Rock Creek, which heads within the glaciated area.
Upslope from the house, the clasts are angular sandstone and shale. At site 434, with
elevations ranging from approximately 427 to 445 m (1400 to 1460 ft), a borrow pit in the
slope below the house displays sandy, colluvium that contains abundant sandstone channers.
The basement excavation showed sandstone bedrock at 2.7 m (9.0 ft) depth (Mr. Ozga,
landowner, personal communication, 1997). All surface clasts are residual sandstone.
Similar clasts are visible along the ridge surface to the southeast, in both directions, and
continuing in the fields to Rocky Springs Church.
Site 448, with elevations ranging from approximately 396 to 402 m (1300 to 1320
ft), shows similar residual sandstone on the surface and in a large garden. No erratic or
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glacially-modified clasts were found. Site 449, with an approximate elevation of 412 m
(1350 ft), is similar to site 448. The soil is extremely rocky. The clasts are small, residual
sandstones that are so abundant the ground could not be penetrated with a bucket auger. No
erratic or glacially-modified rocks were found.
There are several locations beyond the glacial maximum of this study but within the
Illinoian glacial maximum of Shepps and others (1959), where erratics are found, although
the erratics are few in number or, on occasion, even solitary. Site 447, with elevations
ranging from approximately 433 to 439 m (1420 to 1440 ft), is a cultivated field in which a
single erratic was located, amidst many residual sandstone clasts. The erratic is one of the
less common, fine-grained volcanics, possibly a black rhyolite (Dr. Helen Lang, West
Virginia University, personal communication, 1997). The weathering rind is typical of
Illinoian granite but the weathering rind relative dating method of this study applies only to
granites. The field is approximately 30 m (100 ft) from the paved road and the erratic may
have derived from the ballast.
Sites 443A and B displays Illinoian erratics in plowed fields and as ornaments that
were found on the property. Site 445 is a roadcut in which all erratics present Illinoian
weathering rinds. Site 52 is the approximate location of Sitler’s (1957, Fig. 2) section 52.
Site 53 of this study was the approximate location of Sitler’s (Sitler, 1957) section 53, which
may be the same location as columnar section 2338 published by White and others (1969).
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Chapter 2
Paleoflood hydrology of Wisconsin meltwater flooding in Slippery
Rock Creek basin, central western Pennsylvania.
ABSTRACT
Paleoflood models were developed, using the HEC-RAS computer program, to
address a long-standing hypothesis that outburst flooding from proglacial lakes was a
significant process in the glacial history of Slippery Rock Creek basin. This study suggests
that the proglacial lakes drained slowly, possibly by eroding their cols in step with the
lowering of their water surface, rather than draining by catastrophic dam bursts. The results
of this study suggest that the Laurentide deglaciation was not rapid in Slippery Rock Creek
basin.
A benefit of this research was the development of a flow competence approach to
provide realistic maximum potential discharges that are more consistent with fluvial flood
deposits. The technique of restricting the HEC-RAS flow models by flow competence data
should be considered for any paleoflood that deposited coarse-grained fluvial sediments.
Paleoflood models in this study were classified as unrestricted, semi-restricted, or
restricted. The credibility of the results varied depending on the targeted water-surface
elevation (WSEL) associated with paleoflood evidence. An unrestricted model is one in
which discharge is manipulated to match the modeled WSEL to an upstream WSEL, such as
the paleostage of a proglacial lake, disregarding any downstream paleostage indicator (PSI).
A semi-restricted model is one in which discharge is manipulated until the downstream
WSEL matches the highest elevation of erosional or depositional PSIs, disregarding any
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upstream PSIs, such as a lake paleostage. A restricted model is one in which discharge is
manipulated to match modeled stream flow velocity, determined by the flow competence, to
match the average flow velocity required to transport the largest clasts in a flood deposit,
disregarding the highest elevation of that flood deposit.
The least credible hydraulic results come from unrestricted models that characterize
the hydraulics of the largest potential flood. The most credible hydraulic results come from
restricted models that constrain the flood capable of emplacing observed flood deposits.
Unrestricted and semi-restricted paleoflood models suggest that Laurentide
deglaciation of the ice sheet in Slippery Rock Creek basin was characterized by highmagnitude flooding. The erosional and sedimentological evidence, however, suggests that
high-magnitude flooding was not realized. A more realistic paleoflood model using the
“restricted” approach indicates a discharge orders of magnitude lower than the maximum
potential unrestricted discharge and comparable to the historic flood of record on Slippery
Rock Creek.

INTRODUCTION
Northwestern Pennsylvania was glaciated during portions of the Wisconsin, Illinoian,
and pre-Illinoian stages (Sitler, 1957; Shepps and others, 1959; White and others, 1969).
Recent remapping of the glacial margins in Slippery Rock Creek basin (Fig. 1) showed that
the most extensive glaciation south of the town of Slippery Rock occurred
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during the Wisconsin stage, while to the north the Illinoian stage was the most extensive
(Chapter 1). No pre-Illinoian glacial margin was mapped in the Slippery Rock Creek basin.
Previous glacial margin mapping by Shepps and others (1959) differentiated the
Illinoian into a younger, inner Illinoian drift and an older, outer Illinoian drift. The inner
Illinoian drift of Shepps and others (1959) south of the town of Slippery Rock was remapped
as Wisconsin but remains Illinoian north of the town of Slippery Rock (Chapter 1). The area
mapped as outer Illinoian drift by Shepps and others (1959) is unglaciated (Chapter1).
The Laurentide Ice Sheet dammed the courses of middle Slippery Rock Creek and
Muddy Creek, forming Proglacial Lake Edmund and Proglacial Lake Watts, respectively
(Fig. 2). At the glacial maximum, the southeastern spillway for Proglacial Lake Edmund
was a col at West Sunbury, which drained directly into northeastern Proglacial Lake Watts,
while the southeastern spillway for Proglacial Lake Watts was a col at Queen Junction (Figs.
1 and 2). During deglaciation, Proglacial Lake Edmund emptied by draining, primarily,
through the sequential exposure of increasingly lower cols at the glacial margin (Fig. 3),
Harlansburg Gap (Preston, 1977) and a newly-recognized col, herein named Rockville Col.
Proglacial Lake Watts emptied by draining through the sequential exposure of a series of
increasingly lower cols at the glacial margin, called Alpha, Beta, and Gamma passes by
Preston (1977) (Fig. 3).
Slippery Rock Creek flows through Slippery Rock Creek Gorge, which is up to 300
m (1,000 ft) wide, 150 m (500 ft) deep, extending downstream from US Route 422 for
approximately 15 km (9 mi). Proglacial Lake Watts discharge through Alpha, Beta, and
Gamma passes drained directly into Slippery Rock Creek Gorge. Preston (1949, 1950,
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1977) suggested that high-magnitude outburst floods through Alpha and Beta passes were
partly responsible for the final development of the gorge. These three passes were modeled,
using the HEC-RAS computer program (U.S. Army Corps of Engineers, 1997) to quantify
the largest detectable floods for these cols.
Lower Slippery Rock Creek and lower Muddy Creek were modeled, as well. The
upstreammost portion of the Slippery Rock Creek model was located upstream from Gamma
Pass and the influence of Proglacial Lake Watts discharge. Therefore, the upstreammost
portion of the model is relevant to the final draining of Proglacial Lake Edmund.
The eastern outlets for Proglacial Lake Watts at Queen Junction and Proglacial Lake
Edmund at West Sunbury (Figs. 1 and 2) were not a concern in this paper because they never
were dammed by ice or suspected to have experienced a catastrophic release of lake water.
These cols operated as unimpeded spillways with discharge controlled by a combination of
glacial meltwater, precipitation, and col erosion.

STUDY AREA
Slippery Rock Creek basin has an area of approximately 1,036 km2 (400 mi2),
occupying portions of Beaver, Butler, Lawrence, Mercer, and Venango counties in western
Pennsylvania (Fig. 1). The long axis of the basin is sub-parallel to the glacial maximum so
that much of the northwest half of the basin was glaciated while the southeast remained
unglaciated.
Slippery Rock Creek flows southwest for approximately 37 km (23 mi) from
northeastern Butler County to its confluence with Connoquenessing Creek, near Ellwood
City in southeastern Lawrence County. The course of Slippery Rock Creek roughly follows
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the trend of the glacial maximum with only the upper and lower reaches extending beyond it
(Fig. 1). Much of Slippery Rock Creek is entrenched in nearly flat-lying early
Pennsylvanian bedrock, which dips slightly to the south and consists of, from older to
younger, massive Lower and Upper Connoquenessing Sandstone, thin-bedded Mercer Shale,
and massive Homewood Sandstone, all within the Pottsville Group, and the Vanport
Limestone of the Allegheny Group (Fig. 4) as described in Pennsylvania Geological Survey
core boring Hole 2, TGS-91-5 (Pennsylvania Geological Survey, unpublished data).
The major tributaries to Slippery Rock Creek are Wolf Creek and Muddy Creek.
Wolf Creek is wholly within the glaciated portion of Slippery Rock Creek basin,
while Muddy Creek heads in the unglaciated highlands to the east, flows west, and crosses
the glacial maximum. Wolf Creek is an underfit stream, mostly choked with glacial
sediments, occupying a valley larger than that of Slippery Rock Creek (Poth, 1963),
suggesting that Wolf Creek was the larger stream during the Pleistocene. Two buried
valleys, whose surface discharge today is minimal, are better examples of underfit streams.
Both contain south-flowing tributaries to Slippery Rock Creek and are filled with glacial
outwash (Poth, 1963). The mouth of the smaller buried valley lies near Harlansburg; the
mouth of the other, the largest valley in the basin, is located at Elliot Mills (Fig. 1).
The glaciated portion of northwestern Pennsylvania commonly contains thick icecontact stratified drift, forming kames, including kame terraces (Shepps and others, 1959).
Mining of these extensive sand and gravel deposits has contributed significantly to the
economic history of the northwestern part of Pennsylvania and Slippery Rock Creek basin is
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no exception. In addition, these ubiquitous kames offer some qualitative information
regarding the style of deglaciation. It appears that the last continental ice sheet downwasted,
resulting in a landscape covered with isolated blocks of stagnant ice.

PREVIOUS WORK
Paleoflood hydrology is a means of determining the hydraulic characteristics of
floods, young or old, when no gage data are available (Baker, 1987). Numerous papers
discuss methods of paleoflood hydrology (Kochel and Baker, 1982; Stedinger and Baker,
1986; Baker, 1987; Patton, 1987; Hupp, 1988; Jarrett, 1991). Paleoflood hydrology is useful
in determining climate change effects from floods and droughts (Knox, 1988; Jarrett, 1991;
Ely and others, 1993) and the probable upper limit of the largest flood in a basin Enzel and
others, 1993). Numerous papers incorporate paleoflood data and historic data into floodfrequency analyses (Stedinger and Cohn, 1987; Hirsch and Stedinger, 1987; Guo and
Cunnane, 1991; Frances and others, 1994; O’Connell and others, 1998; England and others,
1998).
A requirement of paleoflood hydrology is to determine a water surface elevation
(WSEL) for a flood after the transient high-water marks (HWMs) such as flotsam, silt skins
on floodplain vegetation, or vegetation erosion, have eroded or been mitigated. Flow
competence methods are employed to determine the height of water above longer-lived
paleostage indicators (PSIs), such as boulder bars and floodplain deposits (Costa, 1983;
Baker, 1984; Knox, 1988; Levish, 1994; Waythomas and Jarrett, 1994). Some authors
(Costa, 1983; Komar, 1987; Wilcock, 1992), however, argue that flow competence results
are not always accurate.
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The assumption behind the development and use of flow competence is that the top
of a PSI indicates the minimum WSEL responsible for deposition of the sediments. The
height of the water column above a deposit is calculable based on sediment size and channel
slope (Knox, 1988). Jarrett and England (in review), however, have shown that field
observations of large floods suggest another relationship between freshly-deposited
sedimentary PSIs and HWMs. Jarrett and England (in review) have documented that field
measurements of HWMs show close agreement to recently deposited PSIs for recent floods
at 113 sites in 90 streams with highly-varied drainage areas, hydraulic and sedimentary
characteristics, in 11 States. The elevation of PSIs are, on average, within 0.06 m (2.4 in) of
the elevation of HWMs, suggesting that PSIs can be used as a close approximation of actual,
not minimum, flood height during deposition. This relationship holds true for sediments
ranging from silt to boulders (Jarrett and England, in review).
Predicting the magnitude and frequency of the largest flood in a basin is a concern in
the field of dam design. The primary approach used for the design of larger dams in the
United Sates is an engineering method called the Probable Maximum Flood (PMF). The
PMF was defined by Cudworth (1987) as “... the maximum runoff condition resulting from
the most severe combination of hydrologic and meteorologic conditions that are considered
reasonably possible for the drainage basin under study.” The PMF takes into account such
parameters as the size of a basin, the Probable Maximum Precipitation (PMP), and runoff
curves based on water absorbability and the holding capacity of the soils. Cudworth defined
the PMP as, “... the maximum precipitation amount for any area size and duration at a
particular location during a certain time of year.” The PMF method adhered to by U.S.
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Government dam regulatory agencies was described in Design of Small Dams (U.S. Bureau
of Reclamation, 1987).
The PMF method was called into question by the Interagency Advisory Committee
on Water Data (1986), which raised concerns that the PMF estimate may be inaccurate.
Jarrett and Costa (1988) showed that the largest flood in at least the last 10,000 years on the
Big Thompson River, upstream from the Olympus Dam in Estes Park, Colorado, using
paleoflood hydrology, was only six percent of that predicted by the PMF method. In
addition, the maximum flood discharge was approximately seven percent of the PMF
discharge in 10 paleoflood studies in the western United States (Robert Jarrett, USGS,
written communication, 1999).
Some U.S. Government agencies have called for the incorporation of paleoflood
hydrology into the underlying risk-based assessments for dam design (National Research
Council, 1985a and 1985b; Interagency Advisory Committee on Water Data, 1986). A riskbased approach primarily utilizing paleflood hydrology for design of future spillways and
adequacy evaluations of existing spillways is currently being developed in the dam-safety
community, particularly within the U.S. Army Corps of Engineers (Foster, 1999) and the
Bureau of Reclamation (Ostenaa and Levish, 1995; Levish and others, 1994; O'Connell and
others, 1998).
The results of paleoflood hydrology investigations have gained significant approval
from governmental agencies and likely will become part of the accepted standard for dam
and spillway design by incorporating actual flood evidence (WSELs based on PSIs and
HWMs) and channel morphology (geometry and slope). Paleoflood hydrology, therefore, is
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the proper method for investigating early Holocene and late Wisconsin meltwater flooding in
Slippery Rock Creek basin.

METHODS
The data for hydraulic reconstruction of a flood includes channel cross-section
geometry, estimates of flow resistance and losses (Manning’s n), coefficients of contraction
and expansion, and WSELs. The data are used in a step-backwater model to estimate the
paleoflood discharge.
The step-backwater method is based on the one-dimensional energy equation for
gradually varying flow (Davidian, 1984). The standard-step computational method evaluates
energy losses between any two cross-sections resulting from non-uniform flow conditions.
The energy equation (Davidian, 1984) for a channel reach is:

(h+hv)1 = (h +hv)2 +(hf)1-2 + k(hv)1-2

(1)

h = elevation of the water surface above a common datum,
hv = velocity head,
hf = energy loss (boundary friction),
k(hv) = energy loss due to increasing or decreasing velocity,
k = coefficient of contraction (0.1) or expansion (0.3)

Energy losses, due to non-uniform channel conditions, are computed between
adjacent cross-sections. The HEC-RAS computer program (U.S. Army Corps of Engineers,
1997) calculates the flow resistance and energy losses for each cross-section for a specified
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discharge, thereby determining the WSELs over the entire modeled reach. A WSEL for a
sub-reach, the portion of the stream between two adjacent cross-sections in a multiple crosssection reach of river, is calculated by accounting for the energy losses due to channel
expansion, contraction, and flow resistance (Equation 1, Davidian, 1984). That calculated
WSEL becomes the starting WSEL as the program makes the “step” to the next sub-reach
upstream. A water-surface profile is generated when the WSEL is computed at all crosssections.
A range of discharges is entered into the model and used, in an iterative fashion, to
bracket the discharges necessary to have the WSEL match the elevation of a specific PSI.
The “critical depth” option was chosen for the starting downstream WSEL. Computations
were run in the upstream or “subcritical flow” direction for all analyses in this study.

Channel Geometry
The best method for acquiring channel geometry is instrument survey. Most natural
channels have non-uniform geometry and roughness. Using cross-sections at appropriate
locations such that a subreach is relatively uniform for non-uniform flow conditions can
reduce the effects of most of these changes. In most cases, however, the amount of time and
expense necessary to locate and survey additional cross-sections is impractical. The number
of cross-sections that is desirable must be balanced with the number that is reasonable
(Pruess, 1996; Davidian, 1984).
Channel geometry cross-sections were located to minimize expansion and
contraction between cross-sections. The contraction and expansion coefficients were set at
the default settings for streams with gradual transitions from contracting to expanding, 0.1
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and 0.3, respectively (U.S. Army Corps of Engineers, 1997). Discharge estimates, however,
are little influenced by these coefficients (Motayed and Dawdy, 1979; Jarrett and Malde,
1987; Pruess, 1996).
Survey instruments are best suited for recent floods where depth of flow is less than
the contour interval on topographic maps, and topographic relief is low, or for studies such
as insurance analyses, which require a degree of accuracy greater than the contour interval.
Such accuracy for ancient flood reconstructions will likely be compromised by channel
geometry modifications through time. Channel cross-section geometry for large floods can
be obtained from 1:24,000 scale USGS 7.5 minute topographic quadrangles (Jarrett and
Malde, 1987). Channel geometry modifications can be made in these cross-sections to
account for estimated channel changes since the flood. For this study, channel geometry was
obtained, primarily, from 7.5 minute topographic maps after an instrument survey proved
impractical in many reaches. Surveying the steep slopes of the Slippery Rock Creek gorge
was unsafe and the time required to survey safer reaches was deemed excessive in view of
the precision and accuracy needed for this study.

Manning’s n
Estimating original channel roughness is problematic, especially for a flood many
thousands of years old. The standard method of estimating roughness has been to compare
the channel to photographs of present-day streams in Barnes (1967), which assigns a
roughness coefficient for each photographed stream. Jarrett (1984, 1985, 1987, 1994) and
Trieste and Jarrett (1987), however, contend that the estimated roughness coefficient,
commonly is too large.
112

Instead, Trieste and Jarrett (1987) indicate Manning’s roughness coefficient has been
used as a black box, describing numerous parameters that are difficult to measure but
significantly affect total energy losses. Friction losses affect the calculated WSEL, making
subjective estimates of those numerous parameters even more significant. Jarrett (1984,
1987), Trieste and Jarrett (1987), and Grant (1997), however, report that floodwaters
generally flow near critical depth, only flowing at subcritical or supercritical depths for very
short distances. In addition, there is an unaccountable uncertainty in flow conditions due to
vegetation difference since these floods. Therefore, for all hydraulic modeling in this study
the HEC-RAS program was configured to calculate critical depth for each cross section.

Paleostage Indicators
PSIs for Slippery Rock Creek were terrace deposits and fluvial bars, composed
mainly of sand and gravel with occasional boulders. In Alpha, Beta, and Gamma passes
PSIs were the highest elevations of erosion. In the Holocene model of Muddy Creek, PSIs
were cobble/boulder bars, and isolated, imbricated blocks of locally-derived sandstone. The
PSIs for the analysis of Proglacial Lake Edmund drainage discharge in middle Slippery Rock
Creek were a channel bar and a terrace.
Paleoflood WSELs must be obtained in the field from PSIs. Some elevations for the
models presented here were acquired by instrument survey. Some elevations were
determined by hand-level survey from a known elevation; still others were estimated from
USGS topographic maps.
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Discharges
Each model presents a range of discharges to match elevations of identified PSIs.
The WSEL associated with each discharge matches the elevation of at least one PSI. The
ranges were due to numerous factors. The top of an individual PSI deposit could have
colluviated or been eroded resulting in an erroneously low elevation and, consequently, an
underestimation of discharge. The channel beds were incised during the intervening
millennia, resulting in an erroneously large cross-sectional area and, consequently, an
overestimation of discharge. Inaccurate measurements of PSI elevations or cross-sectional
area yield discharge values that are in error in the direction of the measurement error.
Some amount of control of the overestimation of discharge occurs when the modeled
areas are located where the channel bed flows on or near bedrock, minimizing channel
incision (e.g. lower Alpha and Beta passes), or where post-flood incision can be observed,
measured, and accounted for in the model (e.g. Slippery Rock Creek and Muddy Creek).
There is commonly little to no evidence of most of these changes in channel geometry and
PSI elevation despite attempts to identify and correct them. Therefore, the simple mean of
the discharge range was used to represent the paleodischarge.
Finally, the step-backwater method of flood reconstruction assumes that relatively
uniform flow can be modeled within individual sub-reaches leading to valid approximations
of discharge at any given point along the naturally, slightly non-uniform water surface.
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THE MODELS
This section presents detailed results of the six models developed in this study. The
order of presentation is from downstream to upstream along Slippery Rock Creek. The
numbering of cross-sections in all models increases in the upstream direction.
Additional cross-sections, acquired from 7.5 minute quadrangles, were necessary in
some instances after the models were created. These cross-sections were inserted into the
channel geometry to minimize hydraulic instabilities and were given intermediate numbers,
such as 2.1, or 7.1 and were presented on the plan view of the modeled reach (Fig. 5).
Duplicate cross-sections were necessary in some instances to insure uniform or gradually
varying flow in modeled reaches (Chow, 1959). The HEC-RAS program was used to
interpolate these cross-sections (U.S. Army Corps of Engineers, 1997). Interpolated crosssections evenly divide the sub-reach, numbered as decimals, such as 1.33 and 1.66 in the
case of two interpolated cross-sections between cross-sections 1 and 2. Duplicated and
interpolated cross-sections were shown only in the longitudinal profiles.
PSIs appear in longitudinal profiles and are associated with the number of the crosssection in which they occur. Selected deposits, which were necessary for the discussion of
the model, but are not PSIs are referred to as “sites.” Site numbers are not necessarily
sequential, corresponding to location numbers in field notebooks.

SLIPPERY ROCK CREEK
The modeled reach of Slippery Rock Creek extends from the confluence with
Connoquennessing Creek upstream to a point just downstream from Grant City Road (Fig.
5). The channel cross-sections were obtained from the Beaver Falls, Portersville, and
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Zelienople 7.5 minute topographic maps. Five surveyed cross-sections between crosssections 2 and 3 were used to guide constructions of cross-sections derived from topographic
maps.
The unweathered, intact, nearly vertical walls, exposing thin-bedded shale at stream
level near cross-sections 2.1 and 3 suggest that that portion of the channel experienced postglacial incision in the modeled reach (Fig. 5). The amount of post-glacial incision, based on
instrument survey, was 14 m (45 ft) at cross-section 2.1. This observation was the basis for
“filling” the entire modeled reach by an additional 14 m (45 ft) for the HEC-RAS model.

Paleostage Indicators
The PSI at cross-section 1 is a gravel deposit on a north-bank terrace. The deposit is
clast-supported sandy gravel. The gravel is very well-rounded, unweathered, and composed
of both locally-derived rocks and Canadian Shield erratics. The PSI at cross-section 2, on
the north bank, is a matrix-supported gravely sand. The gravel clasts are similar to those at
cross-section 1. The PSIs at cross-sections 2.1 and 3, on the east bank, are a matrixsupported gravely sand, similar to the deposit at cross-section 2.
These deposits were mapped as having developed Chili series soils, which develop in
glacial outwash (Smith, 1982). The distance between cross-sections 1 and 3 is over 3.2 km
(2 mi) and located downstream of the glacial maximum, so that all Canadian Shield erratics
were deposited as outwash. This reach is more than adequate to model flooding in Slippery
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Rock Creek, although the model extends for approximately 15 km (9 miles) upstream. This
extension is necessary to address deposits at selected sites that appear to be associated with
fluvial flooding when examined in the field, but subsequently were shown to have another
origin.
Slippery Rock Creek flows out of the glaciated portion of the basin (Fig. 5) upstream
from cross-section 5 (Leverett, 1934; D’Urso, Chapter 1). Slippery Rock Creek valley
deepens and steepens, becoming scenic Slippery Rock Creek Gorge upstream from this
Wisconsin maximum. The slopes of the gorge are colluviating, disturbing soil and bedrock,
as well as lowering some glacial material from the widening valley rim. Therefore, PSIs are
not preserved on the steep valley slopes within Slippery Rock Creek Gorge.
Two locations between cross-sections 3 and 11 (Fig. 5) have either disturbed PSI
deposits, Site 496, or no fluvial deposits, Site 497, and are representative of the slopes in
Slippery Rock Creek Gorge. At Camp Allegheny, Site 496, just downstream from crosssection 4, there are significant amounts of small to medium, unweathered, well-rounded
gravels, both of local and Canadian Shield origin, on the terrace just downslope from Camp
Allegheny Road, the second terrace upslope from Slippery Rock Creek. Soils on these
gravely sands were mapped as Chili and Conotton series; both develop in glacial outwash
(Smith, 1982). The top of the PSI could not be located due to cut and fill for construction of
the camp and the road, as well as burial under colluvial Ernest series soils. This fluvial
gravel deposit, however, defines a minimum elevation of the WSEL. Mitigation by humans
or colluvial soil cover was not observed in association with other PSIs of this study.
Downstream from cross-section 5 (Site 497), probing of the soil on the slope
displayed only angular to sub-angular, unweathered to slightly weathered fragments of shale
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and sandstone with minor coal. The shape and weathering of these clasts and their
commingled association on a steep slope suggests colluviating bedrock. The soils on the
slope were mapped as Tilsit, Weikert, and Wharton series; all develop in residuum (Smith,
1982). No fluvial deposits were identified at this site.
There are four locations, sites 498-501 (Fig. 5), in the glaciated portion of Slippery
Rock Creek valley that caused some confusion, initially. Three sites (498, 499, and 501)
display deposits very similar to that at Site 502, gravely sand with small to medium,
unweathered, very well-rounded to spherical gravels derived from both local bedrock and
Canadian Shield erratics. A fourth site (500), displays a cobbly, gravely sand with wellrounded clasts but no spherical gravels. None of these four sites are believed to be related to
the flood modeled in this study.
Soil at sites 498-500 and 502 was mapped as Loudonville series, whereas soil at Site
501 was mapped as Ravenna series (Smith, 1982). Loudonville series soils were reported to
develop in “glacial till and in material from siltstone or shale bedrock” and Ravenna series
soils develop in till (Smith, 1982). Even though tills in Slippery Rock Creek basin are
generally quite sandy, even late stage ablation tills are somewhat firmly consolidated, unlike
the unconsolidated gravely sands at sites 498-502, and the deposits in local kames and
outwash that develop Chili and Conotton series soils.
Loudonville soil is described as “… moderately deep, well drained soils on ridges
and hillsides in glaciated uplands …” (Smith, 1982). Loudonville soil was mapped,
generally, in association with meltwater routes or other streams and depressions along
Slippery Rock Creek Gorge (Smith, 1982). The overall shape of Loudonville soil polygons
along Slippery Rock Creek Gorge show tails projecting up tributaries. This distribution and
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morphology suggests that Loudonville soil developed in deposits that were either deposited
by the tributary or by slackwater flowing up the tributary. Based on the areal distribution
and morphology of the deposits, as well as their sandy, pebbly texture and well-rounded clast
morphology, there is ample reason to conclude that some Loudonville Series soils along
Slippery Rock Creek Gorge did not develop in till and to suggest a fluvial or glaciofluvial
origin of the parent material. If the parent material was till, the well-drained Loudonville
soil should also occur higher on the landscape, unassociated with depressions. Such
occurrences were not noted.
In addition, Loudonville soils were mapped in long, narrow bands on either side of
the gorge (Smith, 1982), crossing previously-mapped glacial margins that were believed to
be of differing ages (Sitler, 1957; Shepps and others, 1959; White and others, 1969). It is
unlikely that a single soil series would develop on parent materials of vastly differing ages
and origins. A Wisconsin age for the glacial maximum in this portion of Slippery Rock
Creek basin (Chapter 1; Leverett, 1934) better explains the distribution of Loudonville soil
and that it should not be used as a PSI.
Watson (1989) stated that the deposit at Site 501 was part of a kame terrace that
extended along the lip of the gorge toward sites 498-500. Fieldwork for this study also
suggests that there are numerous kame terrace deposits near the lip of the Slippery Rock
Creek gorge. Closer examination of the deposits and landforms at sites 500 and 501 shows
that the terrace form is actually held up by a bedrock bench and the deposit is a strath
terrace.
Watson (1989) envisioned a Wisconsin valley glacier flowing along this portion of
Slippery Rock Creek, crossing older glacial margins published by Sitler (1957, Illinoian),
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Shepps and others (1959, inner and outer Illinoian), and White and others, (1969, Illinoian).
Watson’s recognition of these deposits as part of an extensive kame terrace probably
triggered his idea of a valley glacier, based on his acceptance of the older glacial margins.
The more likely explanation for the kame terraces is a valley plugged with the dead-ice
remnant of thicker ice, after thinner ice on uplands melted during the Laurentide deglaciation
(Chapter 1) indicating a Wisconsin age for the glacial maximum as mapped in Chapter 1 and
by Leverett (1934).
The deposits at sites 498-502 are finer-grained than PSIs at cross-sections
The deposits at sites 498-502 probably are related genetically, as they all have similar
composition and are located along the edge of the gorge. The deposits at sites 498-501 are
located at elevations too high to be deposited by the flood that was responsible for the
deposition of PSIs at cross-sections 1-3, according to the paleoflood model in this study. It
is probably only serendipitous that the elevation of the deposit at Site 502 closely fits the
Slippery Rock Creek paleoflood model (Fig. 5) and it, too, is unrelated to the modeled flood.
Therefore, site 502 was not used as a PSI. Fortunately, that deposit is not associated with the
largest or smallest discharge when included in the Slippery Rock Creek model (Fig. 6).
Similar kame terrace deposits may have developed elsewhere along the steep valley
walls as the dead ice downwasted, but colluviation or sheetwash has removed them. These
remaining kame terrace deposits at sites 498-502 were preserved because they were
deposited on shallower slopes beyond the edge of gorge or on top of bedrock benches at the
lip of the gorge.
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Regardless of the origin of the deposits at sites 498-502, the following paleoflood
model is unaffected because there are enough outwash deposits downstream from the glacial
maximum (cross-sections 1-3) to develop a sound model. Table 1 shows the cross-section
numbers and elevations for the four confirmed outwash PSIs. All deposits discussed thus far
are shown on the longitudinal profile (Fig. 6).

Results
Table 1: Slippery Rock Creek, showing PSI elevations and semi-restricted discharges (Q)
from HEC-RAS models.
Cross-section #

PSI elev. (m)

PSI elev. (ft)

Q m3/s

Q ft3/s

v (m/s)

1

270

885

39,000

1,380,000

10.0

2

272

892

38,500

1,360,000

10.8

2.1

280

920

31,000

1,100,000

11.3

3

285

934

44,300

1,600,000

12.5

The WSELs match the elevation of the PSIs using discharges varying from 31,000 to
44,300 m3/s (1,100,000 to 1,600,000 ft3/s) (Table 1 and Fig. 6). The average semi-restricted
discharge is approximately 38,000 m3/s (1,340,000 ft3/s), although Slippery Rock Creek
basin has an area of only 1,000 km2 (400 mi2). This semi-restricted discharge is 65% of the
historic flood of record on the Mississippi River, at Tarbert Landing, Mississippi, where the
drainage area is approximately 2,750 times greater than that of Slippery Rock Creek
(Mississippi River Commission, 1940).
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Flow Competence
At the average discharge of 38,000 m 3/s (1,300,000 ft3/s) the HEC-RAS software
yields a mean velocity of 11.5 m/s (38 ft/s) between cross-sections 2 and 2.1, and 12.1 m/s
(40 ft/s) between cross-sections 2.1 and 3. Therefore, the mean water velocity between
cross-sections 2 and 3 is 11.8 m/s (39 ft/s) at that discharge.
Equation 2 (Costa, 1983) was developed to evaluate flow competence by describing a
regression curve for a data set of nine watersheds, primarily flowing over steep cobble and
boulder bed channels. Costa’s (1983) empirical water velocity equation (2) determines the
size of the particle capable of transport at a given water velocity and defines a best-fit, least
squares curve for those average results. Costa’s flow competence empirical water velocity
equation is:
v = 0.18di 0.487

(2)

v = velocity (m/s)
di = average particle size diameter,
intermediate axis (mm) of five largest clasts

Accordingly, Slippery Rock Creek, when flowing at 38,000 m3/s (1,340,000 ft3/s), would
have been capable of transporting clasts with intermediate axes averaging approximately
10.0 m (32.5 ft) between cross-sections 2 and 3.
Costa (1983), Komar (1987), and Wilcock (1992) report that empirical equations for
flow competence greatly overestimate the magnitude of floods. Costa (1983) reported that,
although his method has uncertainties, it is an improvement over previous methods that only
provided order-of-magnitude estimates.
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Flow competence theory requires the availability of a range of clast sizes, including
those too large to be transported and deposited, for the results to be valid (Costa, 1983).
Field measurements of clasts may help define the flow conditions by limiting the upper size
range of transportable clasts, if such a clast population is available.
The best exposure of sediment is located along Van Gorder Mill Road between
cross-sections 2 and 3. The average intermediate axis of the five largest clasts from a
sample of 29 between cross-sections 2 and 2.1 is 0.7 m (2.3 ft), while the average
intermediate axis of the five largest clasts from a sample of 26 between cross-sections 2.1
and 3 is 0.6 m (1.9 ft). Inserting these mean diameters into Equation 2, shows that a water
velocity of 3.2 m/s (10.6 ft/s) between cross-sections 2.1 and 3 and a water velocity of 2.9
m/s (9.5 ft/s) between cross-sections 2 and 2.1 would move the largest clasts observed in
each deposit. These velocities are considered a close approximation of the upper limit of
flow for the flood that deposited these clasts.
The water velocities calculated from Equation 2 are significantly lower than the
water velocities determined in the semi-restricted HEC-RAS model based on channel
geometry and PSI elevations alone. Clasts larger than 0.6 m (2.0 ft) are common upstream
in the glaciated portion of the basin. The lack of these larger clasts in the fluvial deposits in
the modeled reach, coupled with the relatively low water velocities calculated to move the
largest clasts between cross-sections 2 and 3, indicate a relatively low flow velocity for the
flood that deposited the clasts in this portion of Slippery Rock Creek.
When the Slippery Rock Creek model is limited by water velocities of 3.2 m/s (10.6
ft/s) at cross-section 2.1 and 2.9 m/s (9.5 ft/s) at cross-section 3, the discharges decrease by
nearly two orders of magnitude to 400 m3/s and 300 m3/s (15,000 ft3/s and 12,000 ft3/s),
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respectively, for an mean discharge of 380 m3/s (13,400 ft3/s). The historic flood of record
for Slippery Rock Creek is 538 m3/s (19,000 ft3/s), occurring on January 25, 1937.
Blocks of local sandstone with intermediate axes up to 6.0 m (20 ft) occur in
Slippery Rock Creek valley. Equation 2 indicates that these blocks would require velocities
of nearly 12.2 m/s (40 ft/s) to move. Slippery Rock Creek Gorge displays numerous large
blocks of resistant Homewood Sandstone, especially in the vicinity of McConnells Mill (Fig.
5, Cross-section 10). Periglacial processes likely developed these specific blocks as the ice
sheet left the basin, but similar blocks could have been developed during the periglacial
climate during glacial advance. Blocks of Homewood Sandstone, however, may not have
survived the transport from the gorge to the lower reaches intact, in spite of its resistant
nature. There are, however, numerous, more-resistant Canadian Shield erratics in the
glaciated highlands surrounding the gorge that are at least twice the size of the largest clasts
measured between cross-sections 1 and 3.
Field observations of the texture, composition, and the size of the largest clasts in the
PSI deposits suggest that the deposits between cross-sections 1 and 3 were deposited under a
low flow environment. At the average restricted discharge of 380 m3/s (13,400 ft3/s), given
the channel geometry, the flow responsible for the emplacement of the 13.7 m (45 ft) of sand
and gravel would have been shallow, approximately 1.2 m (4.0 ft) deep (Fig. 6).
It appears that these sediments were aggradational, depositing over some period of
time by a lower, sustained flow rather than from a single, large flood or the catastrophic
failure of a proglacial lake dam with a discharge ranging from 31,000 to 44,300 m3/s
(1, 100,000 to 1,600,000 ft3/s). The aggrading streambed ultimately reached the elevations
of the outwash PSIs in lower Slippery Rock Creek.
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ALPHA PASS
Alpha Pass is approximately 1 km (0.6 mi) south of US Route 422, just east of
Slippery Rock Creek (Fig. 7). The upstream portion of the original pass has been modified
due to mining of the Vanport Limestone. The downstream portion remains relatively
undisturbed and acceptable for paleoflood reconstruction. Gardiner Falls, a highlighted
attraction of McConnells Mill State Park, is located at the mouth of Alpha Pass.
The geometry for all cross-sections was taken from the Portersville 7.5 minute
topographic map. The degradation of the channel and any PSIs due to mining farther
upstream is unfortunate but does not invalidate the model, which is based on pre-mining
contours upstream and undisturbed PSI evidence downstream.
Preston (1949) calculated a maximum potential discharge of 9,500 m3/s (336,000
ft3/s) through the col. Preston (1949) reported that Proglacial Lake Watts lowered by 6 m
(20 ft) in little more than 24 hours through Alpha Pass when this western outlet was exposed
during deglaciation. This proposed discharge and drainage event led Preston to describe the
deglaciation as a time when “ ... the waters of Lake Watts poured through Alpha Pass and
rushed down Gardiner Falls,” (Preston, 1977) and “ ... the days when the sluiceways were
first opened and the glacial pondings thundered through the land,” (Preston, 1950). These
colorful descriptions contribute to the notoriety enjoyed by Gardiner Falls at Alpha Pass.
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Paleostage Indicators
The PSIs for the model of Alpha Pass are non-inundation surfaces, the lack of
overbank fluvial deposits on the till eroded by the discharge. The lack of overbank deposits
allows for bankfull modeling of the semi-restricted discharge thus, modeling a maximum
discharge but one that would be lower than the unrestricted discharge. The PSIs were
identified in the downstream, unmined portion within cross-sections 1-3 (Fig. 7). The soil
between cross-sections 1 and 3 was mapped as Canfield series, which develops in till
(Smith, 1982). The soil has been completely eroded near the falls, exposing the Homewood
Sandstone. The only fluvial deposits are thin, minor Holocene deposits along the bed of the
channel.
Because no overbank deposits or gravel lag were observed on the higher ground
surrounding Alpha Pass, the discharge likely was contained or nearly contained within the
channel. The depths of erosion within the channel at cross-sections 1, 2, and 3 are 1.8, 3.3,
and 3.4 m (6.0, 10.9, and 11 ft), respectively. Soil probing indicates that the depth to
bedrock in the channel, between cross-sections 1 and 2, is less than 0.6 m (2 ft). The depth
to bedrock in the channel between cross-sections 2 and 3 is not significantly more. Channel
incision halted at cross-section 1 where the stream flowed on bedrock; erosion increased in
the upstream direction where the till thickens and the channel deepens and narrows.

Results
The unrestricted discharge was estimated by calculating a rapid release of Proglacial
Lake Watts through the pre-mining col, using a starting WSEL of 384 m (1260 ft), which
was controlled by the elevation of the southeastern spillway at Queen Junction (Preston,
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1977). This unrestricted discharge assumes that there was no erosion of the Alpha Pass sill
during the discharge. As unlikely as this assumption is, it permits a calculation of the largest
potential flood through Alpha Pass. The unrestricted discharge through Alpha Pass was
3,800 m3/s (140,000 ft3/s) (Table 2, Fig. 8). A flood of this magnitude would have
significantly overflowed the banks in the downstream modeled reach, inundating the
surrounding till, either depositing overbank sediments or eroding the till. No overbank
deposits or any such erosion were identified.
The more realistic semi-restricted discharges ranged from 300 to 700 m3/s
(11,000 to 24,000 ft3/s) (Table 2) when limiting the WSEL to bankfull. The mean of these
semi-restricted discharges is 500 m3/s (18,000 ft3/s). The longitudinal profiles, with the PSI
elevations, for these discharges are shown in Figure 8. It is also likely that the original
stream valley was smaller and the incision occurred over a longer time, indicating that the
discharge was even less than 500 m3/s (18,000 ft3/s) but no fluvial deposits were located
with which to address this issue.
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Table 2: Alpha Pass showing PSI elevations unrestricted (section #13) and semi-restricted
discharges (Q) from HEC-RAS models.
Q (m3/s)

Q (ft3/s)

1127

700

24,000

347

1138

550

19,500

3

348

1143

300

11,500

13

384

1260

3,800

130,000

Cross-section #

PSI elev. (m )

1

344

2

PSI elev. (ft)

The water volume in Proglacial Lake Watts between the elevations of
378 to 384 m (1240 to1260 ft) was 2.9 x 108 m3 (1.0 x 1010 ft3). At the average maximum
discharge of 500 m3/s (18,000 ft3/s), actual discharges would have decreased through time,
so the time required to empty the lake would have been even longer. The drainage event
would have lasted at least 7 days, seven times longer than proposed by Preston (1950).

BETA PASS
Beta Pass is the second oldest in a sequence of western spillways for Proglacial Lake
Watts that were covered by ice and inoperative under full-glacial conditions but were
exposed during deglaciation. Preston (1949) reported that Proglacial Lake Watts lowered
by 3 m (10 ft) through Beta Pass when this western outlet was exposed during deglaciation.
Beta Pass is a single col, but the drainage from it bifurcated into two streams, which
are named herein, Beta South and Beta North (Fig. 7). Both branches of Beta Pass
experienced significant alteration since the 1960s. Most of the land in and around Beta
South was mined or covered with mine spoil and road ballast. Much of Beta North is the
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present location of US Route 422, and some of the reach downstream from US Route 422 is
dammed into small ponds. As in Alpha Pass, cross-sectional geometry was obtained from
pre-mining contours on Portersville 7.5 minute topographic map.
Both branches of Beta Pass were modeled independently, as though each was the
only drainage route for Proglacial Lake Watts through Beta Pass. Adding these two
discharge values will give an approximation of the maximum potential peak discharge
through the entire pass.

Paleostage Indicators
PSIs for the Beta Pass model are non-inundation surfaces, a lack of overbank fluvial
deposits on the till eroded by the discharge. The lack of overbank deposits allows for
bankfull modeling of the semi-restricted discharge thus, modeling a maximum discharge but
one that would be lower than the unrestricted discharge.
The undisturbed portion of Beta Pass channel was eroded into till that developed
Canfield, Ravenna, and Wooster series soils (Smith, 1982) and, as at Alpha Pass, no
overbank flood deposits were observed. Both branches of Beta Pass have fluvial deposits at
the falls that developed Loudonville soils (Smith, 1982). As previously proposed, the
Loudonville soils along Slippery Rock Creek appear to be developed in a kame terrace
deposited during the waning of the ice sheet. The deposit near the mouth of Beta North is
the deposit at cross-section 11 (Site 502) in the Slippery Rock Creek model. Because the
deposit at site 502 is likely a kame terrace deposit from a different fluvial event, this deposit
is not considered a PSI for the Beta North paleoflood model.
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The PSIs for both Beta South and Beta North are the top of the erosion of the till
along the channel margins, due to the lack of overbank fluvial deposits on the surrounding
till. This assumption, as was the case for Alpha Pass, allowed for bankfull modeling and a
more realistic semi-restricted discharge.

Results
Beta South unrestricted discharge was 2,200 m3/s (78,000 ft3/s), whereas semirestricted discharge values ranged from 15 to 205 m3/s (550 to 7,250 ft3/s) (Table 3 and Fig.
9). The mean semi-restricted discharge was 70 m3/s (3,000 ft3/s).

Table 3: Beta South showing PSI elevations, unrestricted (section #10) and semi-restricted
discharges (Q) from HEC-RAS models.
Cross-section # PSI elev. (m)

PSI elev. (ft)

Q (m3/s)

Q (ft3/s)

1

341

1118

35

1,300

1.3

343

1126

24

900

1.6

345

1132

15

550

2

347

1140

24

850

2.5

349

1145

205

7,250

10

378

1240

2,200

78,000
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Beta North unrestricted discharge was 1,900 m3/s (65,000 ft3/s), whereas semirestricted discharge values ranged from 40 to 630 m3/s (1,400 to 22,000 ft3/s) (Table 4 and
Fig. 10). The mean semi-restricted discharge was 270 m3/s (9,400 ft3/s).

Table 4: Beta North showing PSI elevations, unrestricted (section #9) and semi-restricted
discharges (Q) from HEC-RAS models.
Cross-section #

PSI elev. (m)

PSI elev. (ft)

Q (m3/s)

Q (ft3/s)

1

349

1145

150

4,800

2

349

1146

40

1,400

3

357

1170

650

22,000

9

378

1240

1,900

65,000

The unrestricted discharge is estimated by running the model for a rapid release of
Proglacial Lake Watts through the pre-mining geometry of the col using a starting WSEL of
378 m (1240 ft), which was controlled by the elevation of the col at Alpha Pass (Preston,
1977) and summing the average discharge for both branches. This unrestricted discharge
assumes there was no erosion of the sill of Beta Pass during the discharge. As unlikely as
this assumption is, it permits a calculation of the largest potential flood through Beta Pass.
The unrestricted discharge through Beta Pass is 4,100 m3/s (140,000 ft3/s). A flood of this
magnitude, as in Alpha Pass, would have significantly overflowed the banks in the
downstream modeled reach inundating the surrounding till, either depositing overbank
sediments or eroding the till. No overbank deposits or any such erosion were identified.
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A more realistic semi-restricted discharge through Beta Pass would be the sum of the
average discharges of both branches based on the downstream erosional PSIs. Accordingly,
the best estimate of the late glacial discharge through Beta Pass is approximately 340 m3/s
(12,000 ft3/s) (Tables 3 and 4).

GAMMA PASS
Muddy Creek is the tributary of Slippery Rock Creek that, when dammed by the
Laurentide Ice Sheet, gave rise to Proglacial Lake Watts. Gamma Pass, lower Muddy Creek,
was the final western outlet draining Proglacial Lake Watts below the elevation on Beta Pass
(375 m :1230 ft), according to Preston (1977). Preston’s interpretation is correct in a general
sense, but details of the final drainage are complicated. Sedimentary deposits and erosional
evidence indicate that Proglacial Lake Watts lowered from 375 m (1230 ft) to an
intermediate elevation of approximately 354 m (1160 ft), where it remained for some time,
prior to the final draining.

Paleostage Indicators
All PSI evidence for the last stage of draining is erosional and occurs below an
elevation of approximately 354 m (1160 ft). At higher elevations, fluvial erosion appears to
be absent, marking a non-inundation surface. Only two PSIs were identified, erosion at the
west end of the esker (Fig. 11, Cross-section 5) and on the north end of cross-section 3.
Erosion at both locations exhumed older alluvial deposits that subsequently developed
Monongahela soils (Smith, 1982). No fluvial deposits were identified in Muddy Creek
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valley to help constrain a discharge lower than the modeled maximum potential peak
discharge.
The prominent esker morphology terminates just east of US Route 19, at an
approximate elevation of 354 m (1160 ft), at the appearance of Monongahela Series soil at
Site 505 (Fig. 11). The association of the termination of the esker and the appearance of an
exhumed, older bedrock-derived alluvium (Smith, 1982), on the valley wall of Muddy Creek
suggests fluvial erosion with a water surface near the contact of the esker remnant and the
Monongahela soil.
The base of an esker lies at elevations between 354 m and 384 m (1160 and 1260 ft)
on Muddy Creeks’ south valley wall, just east of US Route 19 (Fig. 11). The elevation of
the upper surface of the esker ranges from approximately 366 m (1200 ft) near US Route 19
to approximately 384 m (1260 ft) near its eastern end. The esker is composed of
unconsolidated sand with significant gravel and rare very large [ 2.0 m (6.0 ft)] boulders.
Internal flow structures indicative of a southeasterly sloping hydraulic head suggest that the
esker tube filled when water drained into Proglacial Lake Watts. These sedimentary
structures also suggest that the ice containing this esker tube was not a disconnected block of
dead ice when the tube filled because the trace of the esker runs upslope in the downstream
direction. Therefore, the esker formed prior to the final downwasting deglaciation and
draining of Proglacial Lake Watts.
It is unlikely that the unconsolidated esker would have survived in such pristine
condition had discharges with significant shear stress flowed along or over it. The lake
volume between elevations of 37 to 360 m (1230 to 1180 ft) represented 45% of the original
lake volume, or approximately 3.4 x 108 m3 (1.1 x 1010 ft3). [This volume comes from
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digitizing selected contour lines early in this study and is less than the volume from 375 to
354 m (1230 to 1160 ft).] Much of that volume would have drained along and over the
preserved esker if the WSEL of Proglacial Lake Watts was 375 m (1230 ft) prior to the final
draining through Gamma Pass. Therefore, the lake most likely lowered from 375 to 354 m
(1230 to 1160 ft) prior to the opening of Gamma Pass.

The Final Draining of Proglacial Lake Watts
The paleovalley of Muddy Creek appears to be buried (Duane Braun, Bloomsburg
University, personal and written communication, 1997). The highest elevation of the
sediment plugs’ upper surface is less than 354 m (1160 ft). The sediments plugging the
paleovalley were partially eroded at the upstream end near cross-section 3. This minimal
erosion and the rerouting of Muddy Creek to its present location, rather than flushing the
sediments and reclaiming the paleovalley, provide strong evidence that the maximum
potential discharge for late-stage drainage discharge through Gamma Pass is unreasonable.
Muddy Creek makes a sharp southerly bend at cross-section 4, then a sharp westerly
bend just upstream of cross-section 3 (Fig. 12). Soil maps (Smith, 1982) suggest that the
material plugging the paleovalley of Muddy Creek is till covered by outwash. The only
mapped exposure of soil developed in till is a small lens of Canfield soil at an elevation of
approximately 335 m (1100 ft) near Site 249 (Fig. 11). All soils higher on the slope are
mapped as Chili and Conotton series, which develop in outwash (Smith, 1982).
A high cutbank and a wide, low terrace along the northern bank at cross-section 3
(Fig. 11) mark the eastern end of this short, buried portion of the paleovalley. This cutbank
was likely formed when the stream was diverted by the sedimentary plug and began to erode
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the eastern end of the sediments on the outer bank of the bend in Muddy Creek. The stream
also exposed soils mapped as Monongahela series, which develops on high terraces in old
bedrock-derived alluvium (Smith, 1982), at Site 504 and eroded the overlying outwash in the
cutbank. Muddy Creek also reworked and redeposited some outwash, creating the wide, low
terrace. The terrace was mapped as Chagrin Series soil, which develops in alluvium derived
from glacial material (Smith, 1982).
The western end of this short reach of the buried paleovalley is marked by a
prominent, nearly circular, erosional feature at the confluence of Muddy Creek with Slippery
Rock Creek (Fig. 11). Upstream and downstream from this circular feature, steep valley
walls of Slippery Rock Creek expose bedrock, whereas the shallower slopes within the
circular feature display no bedrock, but are composed of colluviated sand, gravel, and small
boulders. Preston (1977, Fig. 16) described Kennedy gorge, the short, shallow segment of
the Slippery Rock Creek gorge from Kennedy Mills to US Route 422 as a side-hill gorge.
Preston (1977) suggested that Kennedy gorge, which crosses the buried paleovalley of
Muddy Creek (Fig. 11), was cut by an ice-proximal stream as the glacier impinged on the
hill into which this gorge is cut. The western portion of this circular feature suggests the
continuation of the paleochannel of Muddy Creek as it flowed farther west to a possible
confluence with the paleochannel of Slippery Rock Creek (Fig. 11). Therefore, present
Muddy Creek downstream from cross-section 3 and this short reach of Slippery Rock Creek,
Kennedy Gorge, owe their origins to glacial processes.
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Rearrangement of lower Muddy Creek occurred as a consequence of the way
Proglacial Lake Watts drained. The style of drainage is recorded in the erosion of the
eastern end of the sediment plug and the upstream esker.
Smith (1989) mapped most of the unmined portion of the esker as an association of
both the Titusville series, which develops in till, and Riverhead series, which develops in
outwash, the Titusville-Riverhead soil. Conotton Series soils are the main soils associated
with the fringes of the mined portion of the esker in Lawrence County (Smith, 1982).
Conotton Series soils are also mapped in large intermittent lenses along both sides of Muddy
Creek valley, from the Butler County line downstream to the bend in Muddy Creek upstream
from cross-section 3. Downstream from cross-section 3, outwash deposits are indicated by
the development of Chili and Conotton series soils, which continue upon the deposits
plugging the paleovalley of Muddy Creek (Fig. 11).
The downstream end of the paleovalley plug is steep due to slumping of the
unconsolidated material, giving rise to the circular feature in Slippery Rock Creek, whereas
the cutbank at the upstream end descends from approximately 354 m (1160 ft) down to
Muddy Creek, although the slope is interrupted by a wide, low Holocene terrace at
approximately 341 m (1120 ft). Smith (1982) mapped much of the cutbank slope between
341 to 354 m (1120 to 1160 ft) as another exposure of high-terrace Monongahela soil. The
surface of the sedimentary plug, between cross-sections 2 and 3 (Fig. 11), descends gently to
the south as though eroded by a continually lowering stream. The combination of cutbank
morphology, the slip-off-type feature, the exhumed non-glacial alluvium developing
Monongahela soil in the cutbank, coupled with another exhumed non-glacial alluvium
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developing Monongahela soil at the western termination of the esker, are consistent with
fluvial erosion.
If the WSEL in Proglacial Lake Watts was as high as 375 m (1230 ft) at the onset of
the draining through Gamma Pass, three forms of evidence should be present. First, the
esker should show evidence of erosion higher than 354 m (1160 ft). Second, the upper
surface of the plug, at a minimum, would be stripped of unconsolidated sand and gravel.
Third, the downstream end of the sediment plug should show pronounced headward erosion
because the water would have drained over portions of the plug, easily eroding the
unconsolidated sediments and the stream now would occupy the paleovalley of Muddy
Creek. None of this evidence is present. Therefore, the limited extent of erosion at the plug
suggests that the water was limited in depth and shear stress.
The following scheme is offered for the final draining of Proglacial Lake Watts. The
sediment plug in lower Muddy Creek paleovalley was no higher than 354 m (1160 ft) when
Gamma Pass finally opened. The WSEL was only slightly higher than these sediments. The
discharge eroded the downstream end of the esker below the elevation of 354 m (1160 ft)
and then a portion flowed over and slightly eroded the surface of the sediment plug in the
paleovalley. The water was so shallow and the discharge so low over the sediment plug that
the flow did not have the force to severely erode the upper surface of the plug or flush the
plug entirely. At the same time, there must have been a newly exposed lower outlet, which
diverted the discharge southward to the present location of Muddy Creek. This discharge
diversion and subsequent lowering of the WSEL are responsible for cutbank erosion at the
eastern end of the plug, erosion developing the slip-off-type upper surface of the sediment
plug, and the establishment of a drainage route along the present course of lower Muddy
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Creek. This low discharge and lowering WSEL in Proglacial Lake Watts progressively
eroded the present-day lower Muddy Creek valley, thereby lowering the outlet for Proglacial
Lake Watts. Therefore, it is as likely as not that most of the headward erosion was caused by
the persistent flow of Muddy Creek and highly-efficient, episodic, postglacial floods.
The valley of Muddy Creek, downstream of Muddy Creek Falls, near cross-section 2
(Fig. 11), appears to be older in the downstream direction, as expected for an area of active
headward erosion. Muddy Creek flows through steep, colluviating bedrock walls at the falls.
The valley walls become less steep and the colluviated rocks become less angular
downstream from the falls. The channel geometry during the final draining of Proglacial
Lake Watts remains conjectural, partly because the amount of erosion attributable to
draining discharge cannot be distinguished from that from postglacial discharge. Regardless,
for this study, the present-day channel geometry is used in the HEC-RAS model and the
resultant data should be considered as describing excessive upper limits of flow.
Preston (1977) was correct that a late stage of Proglacial Lake Watts, with a water
surface elevation below 375 m (1230 ft), drained through the Gamma Pass. The preceding
discussion, however, accounts for only the volume below 354 m (1160 ft). Evidence of a
drainage mechanism for the volume between 375-354 m (1230-1160 ft) was not observed,
but it is possible to speculate upon a drainage mechanism.
The hydrostatic head of Proglacial Lake Watts provided a driving force for release
through Gamma Pass, which appears to have been a well-established drainage route for
Muddy Creek basin before glacial damming. The paleovalley of Muddy Creek remained
filled with sand and gravel. Leakage at or near the ice dam could explain a lowering of the
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water surface elevation to 354 m (1160 ft) prior to the final draining of Proglacial Lake
Watts through Gamma Pass and the preservation of the sediments plugging the paleovalley.
An imbalance between the resistance of the dam (ice and sediments) and the
hydrostatic head of Proglacial Lake Watts would have resulted in leakage at or near the dam.
The glacier would have been thickest during the full extent of the Wisconsin glacial
advance, which extended approximately 5 km (3 mi) southeast of the remnant sediment
plug, resulting in the greatest resistance to the hydrostatic head of the lake. During
deglaciation, the imbalance of forces shifted in favor of the hydrostatic head of the lake,
causing leakage around the dam. The imbalance of forces appears to have equalized or
shifted back in favor of the dam when the lake stage was lowered to an elevation of
approximately 354 m (1160 ft). Regardless of the exact mechanism, this leakage appears to
have been of low geomorphic efficacy; otherwise the paleovalley would have been purged of
sediments and persisted as Muddy Creek.

Results
Ascertaining the channel geometry for modeling discharge through Gamma Pass is
complicated. Any association of the release of Proglacial Lake Watts down Gamma Pass and
the significant headward erosion in the present channel of Muddy Creek remains speculative.
The present channel of Muddy Creek, downstream from cross-section 3 (Fig. 11), appears to
be Wisconsin in age, but the channel experienced significant post-Wisconsin erosion
downstream from Muddy Creek Falls (Fig.11, Cross-section 2). This channel widening
makes for an excessively large channel that, in turn, yields excessively high discharge results
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in the HEC-RAS model. Therefore, the late glacial model for Gamma Pass describes an
excessive maximum potential discharge.
The geomorphology, however, strongly suggests that the discharge through Gamma
Pass was likely significantly less than a model using present day geometry would indicate.
The style of erosion at lower elevations suggests a significantly lower discharge.
The first paleoflood model along Muddy Creek, Gamma Pass (Fig. 11), reconstructs
the hydraulics of a late-glacial release impounded to an elevation of 354 m (1160 ft). The
channel bottom downstream from cross-section 3 was raised to the elevation of bedrock, 367
m (1120 ft), because the channel morphology downstream from cross-section 3 indicates the
severe headward erosion developed over a period of time and was, at least in part,
postglacial. To further mitigate the effects of postglacial erosion, cross-section 2 was used
to synthesize cross-sections 1 and 3. Cross-section 1 was widened while cross-section 3 was
shortened. The widths of both cross-sections were only slightly altered, as Muddy Creek
widens in the downstream direction. Cross-sections 4 to 6 used the present channel
geometry. In an attempt to have the HEC-RAS program model the rapidly varying flow as
uniform or gradually varying flow at the beginning and end of this model, cross-sections 0.5
and 0.75 duplicate cross-section 1 and were located downstream, while cross-sections 7 and
8 duplicate cross-section 6 and were placed upstream. The duplicated cross-sections only
appear in longitudinal profile (Fig. 12). The PSI and discharge data are presented in Table 5
and in longitudinal profile (Fig. 12).
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Table 5: Gamma Pass PSI elevations and semi-restricted discharges (Q)
from HEC-RAS models.
Cross-section #

PSI elev. (m)

PSI elev. ( ft)

Q (m3/s)

Q (ft3/s)

3

352

1155

10,600

375,000

5

354

1160

17,600

620,000

Semi-restricted discharges range from 10,600 to 17,600 m3/s (375,000 to 620,000
ft3/s). The mean discharge required to raise the water surface elevation to match the
elevation of both PSIs is 14,000 m3/s (500,000 ft3/s).
Most of the modeled channel appears to have experienced significant post-glacial
erosion, which artificially increases the modeled flow. The 6.0 m (18.0 ft) of incision
downstream from the falls was accounted for, but little correction was attempted for the
increased width through most of the modeled portion of the channel (upstream from crosssection 3) for two reasons. The width correction is arbitrary and such increases bias the
results in favor of a smaller flood.
Therefore, based on only two PSIs in the post-glacially modified reach of the channel
and no sedimentary evidence to limit the theoretical maximum potential peak discharge for
the final late-glacial draining of Proglacial Lake Watts through Gamma Pass, it is likely that
this semi-restricted model excessively over-represents actual floods in this reach.
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HOLOCENE MUDDY CREEK
There is no better example of active headward erosion in Slippery Rock
Creek basin than lower Muddy Creek between cross-sections 3 and 8 (Figs. 13a and 13b).
While
the relative amount of erosion attributable to late-glacial and post-glacial fluvial processes
remains speculative, especially closer to the mouth of Muddy Creek, the 6 m (18 ft) vertical
falls, at cross-section 8 is post-glacial and, therefore, could not have experienced large,
catastrophic flooding from glacial dam failure.

Paleostage Indicators
Most PSIs in the area of Muddy Creek Falls consist of imbricated, tabular blocks or
sub-rounded boulders derived from local sandstone bedrock, either isolated or in bars. The
PSIs at cross-section 1.5 (Fig.14) are two bars composed of imbricated tabular blocks. The
PSI at cross-section 2 is a boulder bar. The PSIs at cross-section 6 are two isolated,
imbricated, tabular blocks, oriented with intermediate axes aligned parallel to Muddy Creek.
An isolated PSI occurs farther upstream, a large mid-channel bar appearing as an
island at Cross-section 17 (Fig. 13a). The present stream deepened its channel as it flowed
around this bar, somewhat increasing bar relief to 1.83 m (6.0 ft). The original relief was not
determined, but modeling the entire relief will present flow data for a flood somewhat larger
than can be reasonably assumed given the available data, and avoid bias toward a smaller
flood. Jarrett and England (in review) documented mid-channel bars as good HWMs during
flooding.
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Unlike bar deposits where the WSEL has recently been shown to be near the top of
the bar (Jarrett and England, in review), the current consensus is that the WSEL was located
some distance below the top of the very large isolated, imbricate blocks, such as those at
cross-section 6 (Fig. 13b) (Robert Jarrett, USGS, personal communication, 1997). The PSI
elevations for cross-section 6 (Table 6) are the full height of the blocks. Using an elevation
lower on the boulders would decrease the discharge but may actually be erroneous if these
imbricated blocks have shifted, settled, or been lowered by channel-bed incision since
emplacement. The full height is being used to avoid bias toward a smaller flood estimate.
The PSIs are shown in Table 6 on the longitudinal profile (Fig. 14).
Results
The second model in Muddy Creek is based mostly on flood evidence found low in
the valley bottom, near cross-section 11 (Fig. 13a and 13b), downstream from Muddy Creek
Falls. Accordingly, this semi-restricted model describes the largest potential post-glacial
flood. This model is included in this study as a geomorphic comparison to Proglacial Lake
Watts outflow predicted for Alpha and Beta passes.
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Table 6: Muddy Creek (Holocene) PSI elevations and semi-restricted discharges (Q)
from HEC-RAS models.
Cross-section #

PSI elev. (m) PSI elev. (ft)

Q (m3/s)

Q (ft3/s)

1.5

321

1049

75

2,700

1.5

320

1051

150

4,600

2

322

1055

100

4,00

6

330

1084

200

7,000

6

331

1085

250

8,600

17

349

1144

400

13,000

The mean semi-restricted discharge values for post-glacial flooding in Muddy Creek
is approximately 200 m3/s (6,700 ft3/s). The largest possible postglacial flood in Muddy
Creek, based on the most reliable PSI and including the liberal channel depth, had a
discharge of 400 m3/s (13,000 ft3/s). Because much of the headward erosion in Muddy
Creek is Holocene, episodic flood discharges less than or equal to this Holocene maximum
potential discharge have been geomorphically significant and responsible for the headward
erosion that created Muddy Creek Falls.
Because sustained Holocene flows, punctuated by periodic floods, are responsible for
the headward erosion in Muddy Creek, larger catastrophic flows through Alpha and Beta
passes should have resulted in significant erosion along their courses. The lack of
significant erosion and sedimentation along Alpha and Beta passes suggests that they did not
experience high discharge flooding or even repeated, lower magnitude post-glacial flooding.
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MIDDLE SLIPPERY ROCK CREEK
Proglacial Lake Edmund was created when the Laurentide Ice Sheet dammed middle
Slippery Rock Creek valley. The volume of Proglacial Lake Edmund, at the Wisconsin
glacial maximum, was approximately 7.4 x 109 m3 (2.6 x 1011 ft3), nearly an order of
magnitude larger than Proglacial Lake Watts.
Proglacial Lake Edmund’s southeastern spillway at West Sunbury (Fig. 2) has an
elevation of approximately 399 m (1310 ft) and drained into the upper reaches of Proglacial
Lake Watts. The westward drainage during deglaciation was controlled by cols in the
vicinity of Rockville (Figs. 5 and 13a).
Preston (1977) identified Harlansburg Gap as one of the cols. Harlansburg Gap has
an elevation of approximately 392 m (1285 ft) and drained Proglacial Lake Edmund into the
lower Muddy Creek basin, which in turn drained into Slippery Rock Creek. Harlansburg
Gap would have lowered Proglacial Lake Edmund approximately 7.6 m (25 ft), amounting
to approximately 3.8 x 109 m3 (1.3 x 1011 ft3) of water or 51% of the lake volume.
The rerouting of Proglacial Lake Edmund through Harlansburg Gap into Muddy
Creek basin, then back into Slippery Rock Creek basin, by-passed approximately 3.7 km (2.3
mi) of Slippery Rock Creek valley, from near US Route 19 to the mouth of Muddy Creek
(Fig. 13a). This by-passed reach of Slippery Rock Creek contains the most recent
adjustment of Slippery Rock Creek, Kennedy Gorge.
Much of Harlansburg Gap has been mined and no PSIs were found within or
downstream of the col that could be used to signify the WSEL, although scattered fluvial
gravel is common downstream, attesting to outflow through Harlansburg Gap. There is,
however, geomorphic evidence to characterize the magnitude of flow through this gap.
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Harlansburg Gap is narrow, only 115 m (367 ft) wide at an elevation of 399 m (1310 ft).
The upper 3 m (10 ft) of this narrow gap is till; the lower 4.6 m (15 ft) is carved in bedrock.
The narrowness of the channel, especially that portion incised in easily erodible till, suggests
that the drainage of 51% of the volume of Proglacial Lake Edmund was not catastrophic.
Three newly-identified cols north of Harlansburg Gap (Fig. 13a) offer additional
geomorphic evidence supporting a low-magnitude release of Proglacial Lake Edmund. The
lowest and closest col to Harlansburg Gap, here named Rockville Col, is northeast of
Kennedy Mill along US Route 19 at an elevation of 370 m (1215 ft). The highest col is
located north of Rockville Col, at an approximate elevation of 379 m (1242 ft) and herein is
named Col 1242. An intermediate col is located east of Col 1242, at an elevation of
approximately 376 m (1232 ft), herein is named Col 1232.
As the glacier downwasted, Proglacial Lake Edmund expanded to the northwest,
maintaining a WSEL near 399 m (1310 ft), the elevation of the West Sunbury spillway, until
the opening of any of these cols. Cols 1232 (376 m) and 1242 (379 m) must have been
inundated by water or buried by ice while Rockville Col (370 m, 1215 ft) was still covered
by ice, or the WSEL never would have reached the elevation of Harlansburg Gap, 392 m
(1285 ft). Therefore, draining Proglacial Lake Edmund through Harlansburg Gap required a
glacial front at, or east of, Rockville Col. A similar ice front is needed, no more than a few
hundred meters to the west, to cut the short, side-hill Kennedy Gorge (Preston, 1977). The
glacial front could have been composed of isolated blocks of downwasting ice. Such
isolated blocks were common, as evidenced by ubiquitous kame deposits mapped by Shepps
and others (1959).
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Once Harlansburg Gap was eroded, the ice damming Rockville Col melted, allowing
discharge through Rockville Col into Slippery Rock Creek. Just downstream from the
confluence of the drainage route through Rockville Col and Slippery Rock Creek, a
bouldery, sandy gravel deposit developed at Site 511 (Fig. 13a), forming the east bank of
present-day Slippery Rock Creek. The highest elevation on this deposit is approximately
338 m (1110 ft). More gravely sands occur downstream at cross-section 16, at about the
same elevation.

Paleostage Indicators
The deposit at Site 511 extends south to Grant City Road and west from Slippery
Rock Creek to just east of Frew Mill Road (Fig. 13a). The topography is smooth from
approximately 351 to 338 m (1150 to 1110 ft). A small, prominent terrace occurs just west
of Frew Mill Road, at 338 m (1110 ft). Below this terrace, between 338 to 329 m (1110 to
1080 ft), the surface displays dissected ridges and swales, vaguely reminiscent of hummocky
topography of a moraine. The topography smoothes again, descending from 329 m (1080 ft)
to Slippery Rock Creek.
Soils on the ridge-and-swale surface were mapped as Conotton and Chili series soils,
both developed in outwash (Smith, 1982). West of Frew Mill Road, Smith (1982) mapped a
small lens of Monongahela series soil, coincident with the terrace at 338 m (1110 ft).
The northern end of this deposit (Site 511) is cut by the stream heading at Rockville
Col. The steep northern slope is colluviated, obscuring any stratification. Significant
quantities of small boulders, gravel, and sand occur within the colluvium and on the upper
surface of the deposit. The average intermediate axis length of the five largest boulders is
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0.76 m (2.5 ft). Eighteen of twenty sampled boulders are sandstone; the remaining two are
granite. Most of the boulders are very well-rounded, while few are sub-angular. Numerous
smaller Canadian Shield erratics were examined and all had less than 2 mm of weathering
rind, indicative of weathering since the Wisconsin deglaciation (Chapter 1).
The dissected ridge-and-swale surface, which appeared to an anonymous local
geologist to be a moraine, (Mr. Johnson, landowner, personal communication, 1998) is more
likely a fluvial deposit whose surface was modified by subsequent flooding. The surface of
this deposit may appear similar to the moraine in Collette Run (Chapter 1) but there are
some noteworthy differences. Site 511 is located at creek level, whereas the deposit in
Collette Run is approximately 70 m (220 ft) higher than Slippery Rock Creek and extends
approximately 915 m (3,000 ft) up Collette Run. The hummocks along Collette Run have
greater relief and were gently rolling, being farther apart. The soil developing on the
moraine in Collette Run was mapped as developing in till. Additionally, there are more
boulders and significantly more granite in the larger boulder sizes along Collette Run,
although the boulders at both locations were close in size.
The association of Site 511 with the Rockville Col, the texture of the deposit, and the
dissected ridge-and-swale surface with outwash soils at a lower elevation than the fluvial
terrace with Monongahela soil, suggest that the ridge-and-swale deposit is outwash, not till.
The initial WSEL was 338 m (1110 ft), depositing outwash up to that elevation. During the
lowering of the water surface, a terrace was cut into non-glacial alluvium that subsequently
developed Monongahela soil. The sediments at Site 511 were derived from flow through
Rockville Col and deposited in Slippery Rock Creek. The swales likely are sluiceways
eroded into the unconsolidated sand and gravel during subsequent flooding in Slippery Rock
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Creek. Continued lowering of local base level caused erosion of the western flank of the
slackwater deposit, giving rise to the smooth slip-off topography sloping into Slippery Rock
Creek.
A gravely sand deposit occurs downstream within Kennedy Gorge at cross-section 16
(Figs. 5 and 6) . The only boulders at this location are very angular and very large (> 6.1 m
(> 20 ft), colluviating from a rock city. No rounded fluvial boulders occur in this deposit.
The gravels are very well-rounded, less than 6.4 cm (2.5 in), and primarily sandstone.

Results
The Slippery Rock Creek HEC-RAS model extends upstream to cross-section 16 to
include a reach upstream from the confluence with Muddy Creek, thereby modeling
discharge from the release of Proglacial Lake Edmund. The deposits at Site 511 and crosssection 16 are the highest PSIs in this reach of Slippery Rock Creek and represent the WSEL
of the maximum potential discharge of the final draining of Proglacial Lake Edmund. The
water depth in Kennedy Gorge could not have exceeded 16 m (50 ft) at cross-section 16
(elev. 338 m: 1110 ft) because the western valley wall of Kennedy Gorge has an elevation of
slightly less than 354 m (1160 ft). The only outwash on the high ground west of Kennedy
Gorge is attributable to drainage nearby, not overflow from Slippery Rock Creek.
The semi-restricted discharge required to raise the WSEL to match the elevation of
the PSI at cross-section 16 was 4,900 m3/s (170,000 ft3/s) (Table 7).
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Table 7: Proglacial Lake Edmund PSI elevation and semi-restricted discharge (Q).
Cross-section #
16

PSI elev. (m) PSI elev. (ft)
338

1110

Q (m3/s)

Q (ft3/s)

4,900

170,000

No depositional evidence was found to limit the semi-restricted discharge in the
upper reaches of the Slippery Rock Creek. A semi-restricted discharge of 4,900 m3/s
(170,000 ft3/s) is considered excessive and not representative of an actual flood, just as the
semi-restricted model of lower Slippery Rock Creek, 31,000 to 44,000 m3/s (1,100,000 to
1,600,000 ft3/s), does not represent an actual flood. It is prudent to assume that the discharge
from Proglacial Lake Edmund could not be excessively greater than the restricted discharge
in lower Slippery Rock Creek 380 m3/s (13,400 ft3/s). The actual discharge from Proglacial
Lake Edmund directly down Slippery Rock Creek likely was at least an order of magnitude
lower than 4,900 m3/s (174,000 ft3/s).

DISCUSSION
The relationship that the unrestricted and restricted models should yield the highest
and lowest magnitude discharges, respectively, in a given stream, is intuitive. The field
observations of flow competence, however, suggest that the largest Wisconsin meltwater
flood in Slippery Rock Creek had a magnitude close to the historic flood of record.
Additional evidence suggests that excessive semi-restricted discharges resulted from
channel incision. Alpha Pass and Beta Pass semi-restricted models show that when the
discharge was manipulated to raise the downstream WSEL to match the highest elevation of
the erosional PSI, the upstream WSEL failed to rise to the elevation of the paleostage of
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Proglacial Lake Watts. This failure is believed to be evidence of col erosion during the
draining of Proglacial Lake Watts because neither pass persisted as an active, significant
drainage route after deglaciation.
Furthermore, it seems likely that others failed to recognize the possibility of small
floods due to a bias toward the spectacular. There is no field evidence suggestive of a flood
with the magnitude of the Slippery Rock Creek unrestricted model. A lower-magnitude
flood of longer duration just as easily could have emplaced the PSIs as could a highermagnitude, shorter-lived flood. The less-than-spectacular hypothesis of a low-discharge
flood was not considered. One possible reason for this failure may been preconceptions
regarding the age of Slippery Rock Creek Gorge. If the gorge is Pleistocene, it seems
necessary to invoke catastrophic events for its development. If pre-Pleistocene, the
meltwater flood magnitudes may be much less important.

SUMMARY AND CONCLUSIONS
The goal of paleoflood modeling is to determine flood hydraulics when no gage data
exist. Flood modeling determines the flood hydraulics, given investigator-specified
parameters such as channel geometry, friction losses and WSEL. This study suggests that
there are varying levels of significance within these parameters. The more accurate the field
data and investigator-specified parameters, the more closely the hydraulics describe an actual
flood.
Paleoflood models can be unrestricted, semi-restricted, or restricted. An unrestricted
model is one in which discharge is manipulated to raise the WSEL to match a proposed
upstream WSEL with no regard to downstream PSIs. Examples of unrestricted models are
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Alpha and Beta passes, where the discharges are manipulated to raise the WSELs, at or just
upstream of, the cols to the paleostages of Proglacial Lake Watts, 384 and 378 m (1260 and
1240 ft), respectively. These models make the unrealistic assumption that there was no
erosion of the cols after the onset of flooding occurred.
A semi-restricted model is one in which discharge is manipulated until the
downstream WSEL matches the highest elevation of actual downstream PSIs, in some cases
disregarding any upstream paleostage, or existence of a lake. Examples of semi-restricted
models are Alpha, Beta, and Gamma passes, as well as Slippery Rock Creek where the
discharges are manipulated to raise the downstream WSELs to match the highest elevation
of erosion in the passes or fluvial deposits along Slippery Rock Creek. The semi-restricted
models for Alpha and Beta passes are an improvement of the unrestricted models because
the limitations on hydraulics based on field data make the results more realistic. In addition,
those models suggest even lower-magnitude, more hydraulically-realistic floods occurred in
both passes. When decreasing the unrestricted discharge through the semi-restricted model,
the upstream WSEL lowered, thereby preventing the upstream WSEL from matching the
paleostage of Proglacial Lake Watts. This failure of the upstream WSEL to match the
elevation of the lake paleostage suggests that the cols eroded during the flood, as expected,
otherwise the upstream WSEL should have been very close to the initial paleostage of
Proglacial Lake Watts. The elevation difference between the semi-restricted WSEL and the
lake paleostage may be indicative of the amount of erosion of the col.
A restricted model is one in which discharge is manipulated to match the average
stream velocity, determined by flow competence, disregarding the highest elevation of the
flood deposit PSI. The only example of a restricted model is Slippery Rock Creek, where
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the stream velocity required to transport the largest clasts in the flood deposits was used to
limit stream velocity in the model, thereby limiting discharge. The restricted model was an
improvement over the semi-restricted model because the field-based limitation on hydraulics
resulted in a discharge more consistent with the resulting fluvial deposits. In Slippery Rock
Creek, this restricted discharge was nearly two orders of magnitude lower than the
unrestricted discharge. Whenever possible, stream velocities calculated by flow competence
methods should be used to restrict paleoflood models.
In addition to understanding the fluvial deposits in the channel, changes in channel
geometry must be recognized, especially for old floods. Five of the six floods presented here
occurred during the onset of the late Wisconsin deglaciation, which was dated at
approximately 19,670 years B.P. in Ohio (Lowell and others, 1990; Johnson and others,
1997). Post-glacial changes in channel geometry appeared to be dominated by enlargement,
which results in overestimation of the flood discharge if the enlargement is not addressed in
the paleoflood model.
This study suggests that unrestricted modeled maximum potential peak discharges
needed to raise the WSEL to the elevation of the PSIs are in error, often by more than an
order of magnitude, even after attempting to account for geometry and PSI elevation
modifications. When flow competence data were incorporated into the Slippery Rock Creek
model the results suggest that the discharge was orders of magnitude lower. Consequently, a
shallow aggrading stream likely deposited the PSIs. Non-preservation of, or failure to
identify and address, flow competence data can result in a model with erroneously large
discharges.
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Unrestricted models yield the largest maximum potential peak discharges, the least
realistic discharges of the three restricted models. Semi-restricted models, based on the
highest elevation of an erosional or depositional PSI, offer more realistic flood hydraulics
because these models use field evidence of actual WSELs. Questions of channel geometry
can plague semi-restricted models, however, when PSIs are erosional. When PSIs are
depositional and post-flood erosion in the reach is accounted for, the results are more
reliable. Restricted models are the most accurate estimates of paleoflood hydraulics, being
based on the flow competence method of determining stream velocity required to transport
field-confirmed bedload of the modeled flow.
Paleoflood analyses of late Wisconsin flooding in Slippery Rock Creek basin yields
unrestricted discharges far greater than expected, given the geomorphic and sedimentary
evidence in Slippery Rock Creek basin. The field evidence in each case, however, suggests
that the unrestricted discharges were excessive. The field data and semi-restricted and
restricted models suggest that Wisconsin flood discharges in Slippery Rock Creek basin
were similar to rainfall flood discharges in the basin today. In fact, the historic flood of
record for Slippery Rock Creek, 538 m3/s (19,000 ft3/s) on January 25, 1937, may have
exceeded the restricted paleoflood discharge.
Late Wisconsin floods in Muddy Creek valley also may have been of lower
magnitude than historic floods, although the gage record is less useful. In addition to being
relatively short-lived, the gage does not record natural flow because the watershed was
dammed prior to gage installation. Unfortunately, quantitative evidence needed to limit the
discharge below the value of the semi-restricted discharge is absent. There are qualitative
indications, however, such as geomorphology and sediments, which suggest late Wisconsin
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flood discharges actually were lower that the semi-restricted discharge. For example, in
Slippery Rock Creek, there are no significant erosional scars attributable to Wisconsin
meltwater flooding, and the average intermediate axis length of the largest erratic outwash
clasts is less than half that of erratic boulders, commonly found near Slippery Rock Creek.
In Muddy Creek the unconsolidated valley fill was not flushed from paleo-Muddy Creek but,
instead the valley fill diverted the final draining of Proglacial Lake Watts claiming a new
channel for lower Muddy Creek.
The Slippery Rock Creek, Alpha Pass, Beta South, Beta North, Gamma Pass HECRAS models are late of Wisconsin floods. Gamma Pass discharge rerouted the downstream
reach of Muddy Creek. The Muddy Creek model describes a post-glacial flood. Slippery
Rock Creek and Muddy Creek present evidence of post-glacial channel incision, being the
only significant active drainage routes since deglaciation. Post-glacial erosion had minimal
affect in Alpha Pass, Beta South, and Beta North.
All late Wisconsin paleoflood models yield unrestricted or semi-restricted discharges
that can be limited by either quantitative evidence from fluvial deposits or qualitative
evidence, such as degree and style of erosion. The most reliable paleoflood model is
Slippery Rock Creek, which presents the best evidence for both the amounts of late
Wisconsin sedimentation and subsequent erosion. Slippery Rock Creek is the highest-order
stream and the one into which all other flows drained. Therefore, the Slippery Rock Creek
paleoflood model limits values for all other models, to some degree.
The restricted model in lower Slippery Rock Creek suggests that the largest flood had
a discharge of approximately 420 m3/s (15,000 ft3/s). The average semi-restricted discharge
for Slippery Rock Creek, however, was 36,800 m3/s (1,300,000 ft3/s). This semi-restricted
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discharge is 65% of the historic flood of record on the Mississippi River, at Tarbert Landing,
Mississippi, where the drainage area is approximately 2,750 times greater than that of
Slippery Rock Creek (Mississippi River Commission, 1940). A flood with a discharge of
36,800 m3/s (1,300,000 ft3/s) is not supported by geomorphic evidence or flow competence
data derived from the PSI deposits.
For perspective, even if the unrestricted Slippery Rock Creek discharge described the
actual magnitude, this proglacial dam outburst flood is orders of magnitude smaller than the
more spectacular events elsewhere. The most spectacular catastrophic ice dam failure in the
United States, the Spokane Flood, had an (unrestricted?) discharge of 10,000,000 m3/s
(350,000,000 ft3/s) at Wallula Gap, Washington (Waitt and others, 1994).
The average semi-restricted discharge for Alpha Pass, based on erosional PSI data is
approximately 500 m3/s (18,000 ft3/s). The unrestricted discharge for Alpha Pass was 3,800
m3/s (136,000 ft3/s), assuming a water surface elevation of 384 m (1260 ft) in Proglacial
Lake Watts, which is the present elevation of the sill at Queen Junction Spillway. A flood
with a discharge of 3,800 m3/s (136,000 ft3/s) is not supported by the PSI data. A discharge
of 500 m3/s (18,000 ft3/s) is also excessive because the mismatch between the modeled
WSEL and the paleostage of Proglacial Lake Watts suggests erosion of the col during the
drainage that, through field evidence alone, could not be not addressed in the channel
geometry.
The average semi-restricted discharge for Beta Pass, based on erosional PSI data, is
300 m3/s (11,000 ft3/s). This discharge was released into two channels, Beta South and Beta
North. The semi-restricted discharge for Beta South is 70 m3/s (2,400 ft3/s), whereas the
semi-restricted discharge for Beta North is 270 m3/s (9,400 ft3/s). The unrestricted discharge
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for Beta Pass is approximately 2,000 m3/s (70,000 ft3/s), assuming a water surface elevation
of 378 m (1240 ft) in Proglacial Lake Watts, which is the present elevation of the sill at
Alpha Pass. A flood with a discharge of 2,000 m3/s is not supported by the PSI data. A
discharge of 300 m3/s is also excessive because the model suggests erosion of the col not
addressed in the channel geometry.
Gamma Pass lacks sedimentary evidence that could be used as flow competence data
to constrain the peak discharge lower than the semi-restricted discharge of 14,000 m3/s
(500,000 ft3/s) during the final draining of Proglacial Lake Watts. There is a significant
amount of unconsolidated sand and gravel, especially in the paleochannel of Muddy Creek,
which probably would have eroded in a flood of that magnitude, suggesting 14,000 m3/s is
an unlikely discharge. The actual discharge was probably significantly lower.
Proglacial Lake Edmund developed in middle and upper Slippery Rock Creek and
drained through several cols, by-passing portions of Slippery Rock Creek, until finally
draining directly down the creek. No fluvial evidence was found in either Harlansburg or
Rockville cols that could be used to support a paleoflood model, but these episodic releases
of water minimized the potential discharges for the draining of Proglacial Lake Edmund by
reducing the available water volume for any single release. Two cols are narrow and
partially incised in poorly consolidated till, suggesting that the discharges through the cols
were not large or catastrophic. Additionally, any discharge for Proglacial Lake Edmund
outflow is somewhat constrained by the better-documented discharges downstream in lower
Slippery Rock Creek.
The semi-restricted discharge for the draining of Proglacial Lake Edmund is 22,000
m3/s (770,000 ft3/s). The actual discharge for Proglacial Lake Edmund was likely much less,
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however, as suggested by the geomorphology of the cols and the lack of coarse slackwater
sediments in a downstream PSI. The actual discharge was probably about that suggested for
lower Slippery Rock Creek, approximately 380 m3/s (13,000 ft3/s).
The paleoflood model for post-glacial Muddy Creek is significant to this paper as a
comparison of post-glacial erosion in lower Muddy Creek with Wisconsin erosion at Alpha
and Beta passes. Much of the severe headward erosion that sculpted Muddy Creek Falls, in
lower Muddy Creek, was most likely due to sustained, relatively low magnitude flow and
episodic post-glacial flooding. It should be expected, therefore, that larger magnitude
(~ 700 % greater) catastrophic flooding would have caused similar headward erosion at
Alpha and Beta passes. The lack of significant headward erosion at the falls of either pass
also supports low-magnitude discharges for Wisconsin flows through Alpha and Beta passes.
Field evidence and the restricted paleoflood model show that Wisconsin floods in
lower Slippery Rock Creek valley were on the order of historic floods, further limiting the
potential for catastrophic floods down Muddy Creek. This further supports field
observations that, much, if not most, of the severe headward erosion that developed Muddy
Creek Falls was likely due to episodic, highly-effective post-glacial floods. Lower Muddy
Creek channel shows a progressive increase in age in the downstream direction, downstream
of Muddy Creek Falls. Thus, the severe headward erosion was not the result of sculpting by
ice or a glacial catastrophic release of Proglacial Lake Watts, as is the common local,
undocumented perception.
Since Wisconsin deglaciation, Muddy Creek maintained natural, unrestricted flow
and experienced episodic flooding until the construction of the Lake Arthur dam. A semirestricted discharge of 200 m3/s (6,700 ft3/s) is believed to be representative of the maximum
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discharge of post-glacial Muddy Creek floods, based on depositional PSIs, most of which are
downstream of the Falls. The largest reconstructed post-glacial flooding in Muddy Creek
was approximately 375 m3/s (13,300 ft3/s). Therefore, episodic flooding with discharges
lower than 375 m3/s, and likely as low as 200 m3/s, were geomorphically effective in
sustaining the headward erosion that developed Muddy Creek Falls.
The final observations resulting from this analysis of late Wisconsin flooding pertain
to the physical characteristics of the landscape when the ice sheet left Slippery Rock Creek
basin and the processes that subsequently shaped lower Slippery Rock Creek. The largest
Wisconsin flood discharge was probably no greater than 420 m3/s (15,000 ft3/s). This
discharge requires that the flood was approximately 1.2 m (4.0 ft) deep (Fig. 6). In order to
deposit the upper surfaces of the PSIs, the channel bed had to be within a little more than a
meter of the upper surface, requiring that lower Slippery Rock Creek, downstream from the
glacial maximum, contained at least 11 m (35 ft) of outwash deposits. Therefore, Slippery
Rock Creek was choked with glacial outwash during the Wisconsin deglaciation. Sustained
flows and episodic post-glacial flooding eroded 11 m (35 ft) of outwash and 14 m (45 ft) of
shale bedrock in the lower modeled reach to achieve the present channel geometry.
The western Pennsylvania landscape presents significant kame deposits (Shepps and others,
1959), indicative of a slowly downwasting continental ice sheet. In addition, the paleoflood
models depict low-magnitude meltwater floods. The overall portrait, then, is one of a slow
transition from glacial to non-glacial conditions, a landscape littered with large blocks of
buried ice with low-magnitude braided streams weaving through the maze of ice blocks and
over sand and gravel streambeds. It was a very wet time, to be sure, but the water does not
appear to have “roared” or “thundered through the land”, as postulated by Preston (1977).
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